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ABSTRACT
The new chromium(II) complexes: [Cr(NH3)6]X2, [Cr(NH3)5]X2 
(X = Q,, Br or I), [Cr(NH3)2X2] (X = C£ or Br), [Cr(NH3) ^ O j S O ^  
[Cr(NH3)2SOj , [Cr(CH3C02)2(NH3)] and Cr(NH3) 4 (CH3C02) 2 have been 
isolated and investigated in the absence of air. The hexammines, 
obtained by bubbling ammonia through ethanolic solutions of the 
chromium(II) halides, were handled in an atmosphere of ammonia because 
they lost ammonia readily and reversibly to form pentammines. Thermal 
decomposition of the pentammines gave the diammine halides. The 
sulphates and the chromium(II) acetate monoammine have been obtained 
by similar procedures. Tetramminechromium(II) acetate was obtained by 
the action of liquid ammonia on the monoammine acetate. From magnetic, 
spectroscopic and X-ray powder investigations (which frequently showed 
isomorphous relationships with analogous copper (II) complexes of known 
structure), the hexammines and pentammines have been assigned 
tetragonal and square-pyramidal structures respectively, and the 
diammines anion-bridged, six-coordinate structures. The complexes 
[Cr(NH3) ^ OjSOi* and Cr(NH3) ^ (CH3C02) 2 are believed to have square- 
pyramidal and distorted octahedral structures respectively, although 
the latter lost ammonia to form the monoammine [Cr(CH3C02) 2(NH3)] so 
readily that infra-red spectra and X-ray powder photographs could not 
be obtained. The monoammine was found to be essentially diamagnetic, 
like the acetate-bridged dimer [Cr(CH3C02)2H20]Zi and to have a 
similar powder pattern, so it is thought to be a dimer with NH3 
replacing Ii20. Preliminary investigations showed that [V(NH3)6]Br2 
can be obtained by similar preparative methods to the chromium(II)- 
ammines, but attempts to prepare chromium(II) salen (salen is the
di-anion of M !-ethylenebis(salicylideneimine)) from [Cr(NH3)5]l2 
were unsuccessful.
Several other, mostly new chromium(II) complexes have also been 
prepared. These are Cr(iz)4X2, Cr(py)2I2, Cr(gly)2*H20, Cr(Smc)2 
and Cr(his)C&*H20, in which iz is imidazole and py is pyridine,
X is C£, Br, I, or 1/2 S04, and gly, meth, Smc and his are 
respectively the anions of glycine, DL-methionine, S-methyl-L-cysteine 
and L-histidine. Magnetic measurements showed the imidazole complexes 
to be high-spin, and their reflectance spectra indicate trans-octahedral 
structures, with tetragonal distortion increasing in the order 
SO 4 < Ct < Br <1. The sulphate and iodide are isomorphous with 
analogous copper(II) complexes of known trans-structures. The iodide 
Cr(py)2I2 was found to be antiferromagnetic and possesses a polymeric 
iodide-bridged structure. The first three amino-acid complexes 
exhibited minor antiferromagnetic interaction. Their reflectance spectra 
indicate that the environment of the chromium(II) ion is similar in each 
case, and polymeric, carboxyl-bridged structures are likely. The 
histidine compound showed considerable antiferromagnetism and is believed 
to be chloride-bridged.
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CHAPTER 1
INTRODUCTION
V
Chromium exhibits a variety of oxidation states. Compounds of 
zerovalent chromium, chromium(II) , chromium(III) , chromium(IV), 
chromium(V) and chromium(VI) are known. Chromium, which has the 
electronic configuration (Ar)3d54s1, is located in the first row of 
the transition elements. Since relatively little is known about 
the properties of complexes of the chromium(II) ion (3d4), this thesis 
is mainly concerned with the preparation and properties of new 
complexes of chromium(II).
Chromium(II) ions are the strongest known reducing agents in 
aqueous solution.^ .
Cr3+(aq) + e = =  Cr2+(aq) E° = -0.41v
Chromium(II) has been widely used as a reducing agent for a variety
2 3of organic compounds, 3 and organochromium species have been proposed • 
as intermediates in some of these reactions.
Chromium(II) solutions are also used as reducing agents in 
?
volumetric analysis. The chromium(II) ion in an aqueous solution has 
a sky-blue colour, and is very easily oxidized. For this reason 
solutions and solids can only be kept by exclusion of air. Even in 
the absence of air chromium(II) solutions can decompose, at rates 
varying with the acidity of the solution. The oxidation of chromium(II)
4
by oxygen may occur via a complex containing a Cr-02-Cr bridge.
There are different ways of protecting chromium(II) systems from 
oxidation; one is to use an all-glass line through which N2 or C02 
is circulated, designed to make possible all required manipulations 
such as filtration and recrystallization. Some investigators have
used highly efficient inert atmosphere glove boxes or an all-glass 
system inside the glove box.
Chromium(II) solutions are commonly prepared by five methods:
(1) The electrolytic reduction of chromium(III) solutions
(2) by dissolving previously prepared chromium(II) acetate in 
mineral acid;^
(3) by heating an excess of spectroscopically pure chromium 
with dilute acid (AR);®*^.
(4) the reduction of chromium(III) salts with zinc and mineral 
acid;10
(5) by reducing chromium(III) salts with hydrogen at a highly 
controlled temperature. ^
Procedure (3) has been used in this work, as it provides the
easiest route to pure chromium(II) compounds. The disadvantages of
other methods are contamination of the chromium(II) solution with zinc
11ions, and the possibility of secondary reduction of chromium(II) 
salts to chromium.
According to crystal field theory the chemistry of high-spin 
chromium(II) should be similar to the chemistry of copper (I I). 
Knowledge of the chemistry of copper(II) has increased extensively, 
but comparatively little is known of chromium(II). Comparison of 
chromium(II) complexes by means of X-ray powder photography with 
corresponding copper(II) complexes of known structure can provide 
extensive knowledge about the chromium(II) complexes.
A comprehensive survey of nearly all the chromium(II) compounds
12reported in the literature up to 1974 has been given. Other 
compounds reported up to 1976 are given in Tables 1 and 2.
TABLE 1
Compound y (BM) at RT References e
Chromium(II) Molybdenum (II) Tetra-acetate
(CiMo(OAc) J 13
Chromium(II) Complexes of Tris-(2-diphenylphinoethyl) Phosphine
and o-Phenylenebis (dime thylars ine)
[Cr (tdpep ) C&jjBPh^  ] 4.49 14
[Cr (tdpep )Br] [BPh J 4.70 14
[Cr(t<fc>ep)l] [BPhJ 4.70 14
[Cr(pdma)2C£2] 2.85 14
[Cr (pdma) 2Br2] 2.94 14
[Cr(pdma)2I2] 2.99 14
TABLE 2
Compound y (BM) at RT References
6
Chromium(II) Complexes with Pyrazoles and Imidazoles as 
Ligands
[Cr(pz)„«2] 4.93 15
[Cr(pz),,Br2] 4.93 15
[Crd>z)„-i2] 4.93 15
[Cr(pz)„CJl2] 4.87 15
[CrCpz)„Br2] 4.85 15
[Cr(Nniz)i(CX.2] 4.90 15
[Cr(Nmi.z) nBr2] 4.90 15
[Cr(Nmiz)^I2] 4.90 15
[Gr(Nmiz)2CX.2] 4.69 15
[Cr(dnpz)2C£2] 4.48 15
[Cr(dnpz)3Br2] 4.95 15
[Cr(pz)2CS.2] 4.62 15
[Cr(iz)'Br2] and [Cr(iz) 4CJI2] , which have been prepared and 
investigated in the present work, have been simultaneously investigated 
by Mani and co-worker. ^
A few studies of complexes of chromium(II) containing aromatic
16N-donor ligands have been reported. Pyridine, substituted
17 18pyridines, and 2,2’ -bipyridyl complexes of chromium(II) have been
studied but no work has been done on imidazole complexes with
chromium(II); also little is known about ammines and amino-acid
complexes of chromium (I I). The main aim of this Work has been to
prepare and investigate complexes of chromium(II) with ammonia,
imidazole, and amino-acids.
Vanadium, like chromium, has different oxidation states. This 
element forms complexes in different oxidation states from +5 (d°) 
to -l(d6).
Vanadium, which has the electronic configuration (Ar)3d34s2, is
located in the first row of the transition elements. Vanadium (I I),
with the electronic configuration (Ar) 3d3, forms cationic, neutral
and anionic complexes. As with the simple compounds of vanadium(II),
few complexes have been well investigated, and this is in many
respects the least well studied oxidation state. In aqueous solution,
oxidation is rapid so that contamination from higher-oxidation states
is difficult to avoid; much of the coordination chemistry of
vanadium(II) has therefore been carried out in non-aqueous solvent 
19systems. The known complexes of vanadium (I I) are all powerful
20reducing agents. The standard electrode potential for
According to crystal field theory, there is a similarity between 
vanadium(II) and nickel(II) compounds. Like divalent copper, divalent 
nickel has been studied extensively, but very little is known about 
the chemistry of vanadium(II). Hence it was decided to investigate 
the vanadium(II)-ammonia system.
CHAPTER 2
EXPERIMENTAL TECHNIQUES
1. Apparatus and Preparative Methods
The apparatus which was used to prepare chromium(II) compounds 
is shown in Fig. 1.
All the compounds were prepared under nitrogen as described 
21previously. The dried nitrogen gas entered the main apparatus at 
B as shown in Fig. 1. Any vessel used was evacuated and then filled 
with nitrogen several times before any reaction was carried out, and 
was always left under constant pumping (drying) or under nitrogen. 
The hydrated chloride, bromide, iodide, and sulphate of chromium(II) 
were prepared by allowing an excess of spectroscopically pure 
chromium pellets to react with the corresponding AR acids, as
o
previously described. All these compounds are stable when stored 
under nitrogen, and were used as starting materials. The 3-tap 
flask A was joined at C (Fig. 1), taps 1 and 2 were kept closed, and 
the flask was heated in a paraffin bath at 80-90°C in a slow stream 
of nitrogen until the reaction was complete. The bath was then 
removed and vessel A allowed to cool.
Keeping all the taps closed, the 3-tap flask was inverted and 
attached by tap 2 to vessel E (Fig. 2), and the solution filtered 
into E to remove the excess of chromium metal. Then vessel E was 
attached to the line (Fig. 1) at D, and some solvent removed at the 
pump until the compound crystallized. Flask E was then attached to 
the filter unit F, the crystals filtered off, washed and dried under 
continuous pumping, and the solid was broken up with the paddle P 
and sealed off in the pyrex tubes.
Some of the chromium(II)-amnrines (Chapter 3) separated as very
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fine crystals from ethanol, so filtering them off was difficult. The 
special apparatus used to isolate them is illustrated in Fig. 3.
It consisted of a pig joined at one side of the vessel, at the 
other side was a tap for connection to the main apparatus. The 
suspension was transferred from E to the vessel via G, the supernatant 
liquid was decanted, the solid was washed by decantation, and then 
dried under vacuum. With a good stream of nitrogen entering through 
tap H, the flask (not shown) used for decantation was removed from 
joint G, and at once replaced by the bladder and rod attachment 
(previously the bladder had been filled with nitrogen). Immediately 
the vessel was evacuated to remove any traces of air and refilled 
with nitrogen.
The tap H was closed and the flow of nitrogen stopped when 
atmospheric pressure had been attained. The bladder and rod 
attachment consisted of a football bladder wired to the tube from a 
B14 cone with a brass rod inserted through the cone into the 
bladder. The rod allowed free vertical movement although side-ways 
movement was slightly restricted, and had been bent so that solid 
could be scraped from the sides of the flask with it. Before it was 
attached to the vessel, as described above, the air was removed from 
the bladder by evacuating and refilling it with nitrogen three or 
four times. The bladder was then wired to the rod, and in this way 
the chance of diffusion of air into the bladder and hence to the 
solid was greatly reduced. When the rod was to be used the apparatus 
was filled with nitrogen, the wire removed and the solid, after 
crushing, was pushed into the pig. The bladder was then re-wired to 
the rod. After the vessel containing the dried compound had been 
evacuated, pure dry ammonia at approximately 75 cm pressure was 
admitted to the vessel in the case of chromium(II) ammines.
Figure 3
Bladder
_J  II 1
7//~7//~?/'
Absorption of gas began at once with evolution of heat and 
the colour changed from bluish-violet to grey. To make certain 
that the reaction was complete it was checked that the pressure of 
.ammonia in the vessel did not change for 6-8 hours after the 
«■material had ceased to absorb ammonia. The solid was then removed 
from the pig to the tubes and sealed under an atmosphere of 
ammonia to prevent loss of ammonia from the compound.
To prepare Cr (NH3)it(CH3C02) 2 from [Cr(CH3C02)2NH3] 2 
liquid ammonia was necessary and ammonia was liquified by passing 
the gas through the special filter apparatus (Fig. 4) which was 
immersed in a drikold mixture or in liquid nitrogen.
The ammonia gas entered at I, it was liquified at J on which 
the solid to be reacted with liquid ammonia had been collected, and 
emerged through the bubbler at K.
In order to prevent air from being sucked back from K when 
liquid nitrogen was used, it was necessary to immerse J in the liquid 
nitrogen slowly and gradually, with ammonia passing rapidly through 
the apparatus.
Recrystallization of some compounds was carried out in a 
two-necked recrystallization apparatus (Fig. 5a). Compounds were 
filtered off on the sintered disc L, washed, and recrystallized by 
heating and cooling the solvent, so that it condensed on, and was 
then sucked through, the sintered disc. This process was continued 
until all the soluble solid had been transferred into M. The 
suspension in M was then transferred through N into the filter unit 
and the crystals filtered off.
Figure 4
NH
Liquid ammonia'
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2. Magnetic Measurements
Gouy's method was used for determination of the magnetic 
susceptibilities of solids. The apparatus, which was used over the 
temperature range 85-300K, is that described by Eamshaw, and 
supplied by Newport Instruments Ltd. (Fig. 6). Air-sensitive 
compounds were sealed into uniform, flat-bottomed pyrex tubes under 
vacuum using the breaking apparatus shown in Fig. 7, This apparatus 
was also used to prepare specimens for X-ray powder and diffuse 
reflectance investigations. Although this type of breaking 
apparatus has been used before, simultaneous ampouling of specimens 
for three types of measurement was first carried out during the 
present study. The tubing used was 3.5-3.6 mm. It is not advisable 
to use tubes with diameters less than 3 mm because packing errors 
are much more likely to occur. Lengths of 9-10 cm of compound were 
found to yield the most accurate results. Each glass tube was 
calibrated over the temperature range 85-300K at different field 
strengths to allow for the diamagnetism of the glass.
The specimen was surrounded by a cryostat in order to control 
the temperature at any desired value within the range.
The molar susceptibility xM was calculated from the formula:
2Wg&M 
X“ Wt H2
where
M = Molecular weight of compound
g = Acceleration due to gravity
W = Net change in weight in the magnetic field allowing
for the diamagnetism of the glass tube
£ = Length of specimen in centimetres
Wt = Weight of compound used
i
H = Magnetic field experienced by the compound of length £
at the current used
X 9 the atomic susceptibility for the paramagnetic compound was 
obtained by subtracting from the molar susceptibility the 
diamagnetic corrections for the groups or ligands present.
Xa = XM - ZXL
22Diamagnetic corrections were calculated from Pascal’s Tables. 
The effective magnetic moment was calculated from the equation:
\i = 2.828 A T  Bohr magneton
6 A
3. Infra-red Spectra
The spectra of the compounds were recorded as nujol mulls 
between KBr discs over the range 4.000-600 cm 1 on a Perkin-Elmer 
577 spectrophotometer.
Polythene discs were used in the range 600-200 cm *. The 
samples were prepared in a nitrogen-filled dry plastic bag. Because 
the chromium(II)-hexammines lost ammonia and were air-sensitive a 
special method was used for the preparation of the samples.
The tube containing the sample was broken inside a plastic bag 
through which ammonia was being passed. As soon as the tube had 
been broken a few drops of nujol were put in it, then the mixture 
of the solid and nujol was spread thinly on one disc and the other
r,r j i r n / in r m ln n n in ii i i i i !n in n  rm r/v n n irm
Nitrogen
Liquid nitrogenPump
placed on top. Of course all these operations were carried out using 
a gas mask. No colour change was observed in the hexammines during 
these operations, indicating that no ammonia had been lost, 
although grinding the solids caused the colour to change.
4. Thermo gravimetric Analysis
Thermogravimetry is the quantitative measurement of the changes 
in weight occurring as a compound undergoes a programme of controlled 
heating or cooling. In this work it was used to study the thermal 
stability of complexes in order to determine at what temperature a 
complex should be heated to produce another with fewer ligands.
An electronic micro-balance with a range of sensitivities from 
1 to 250 mg which could be operated under a dynamic dry nitrogen gas 
atmosphere was used for the thermogravimetric analysis.
Sample sizes ranged in weight from 1 to 250 mg. The furnace 
was a water-cooled Stanton-Redcroft design with a temperature range 
up to 1000°C; the heating could be controlled at rates from 1 to 
100°C/minute. The temperature of the furnace was recorded along 
with the weight change, on a two-pen strip-chart recorder.
5. Theory of X-ray Powder Measurements
Crystals are composed of series of parallel planes of atoms, 
and the incident X-rays are reflected by these planes. X-rays 
reflected by one plane travel different distances from those 
reflected by an adjacent plane. The path difference of rays must 
be integral multiples of the wavelength for reinforcement of the
X-ray beam to occur. This leads to the Bragg law
nX = 2d sin 0 CD
where n is an integer, X is the wavelength of the X-rays, 0 is the 
angle of incidence of the X-ray beam, and d is the perpendicular 
distance between the planes. For crystals of the cubic system, 
the unit-cell dimension, a, is related to d by the following 
equation:
d h2 + k2 + lz (2)
where h, k, I are the Miller indices of the set of planes. Combining' 
(13 and (2)
.23
sin20 = ——  (h2 + k2 + £2) = A(h2 + k2 + A2)
likA 4a2
For tetragonal crystals where a = b =j= c the equation is:
X-ray Powder Photography
All X-ray powder photographs were taken by the Straumanis method 
with copper K^-radiation and nickel filters using a commonly available 
powder camera (Philips, Debye-Scherrer type PW.1024). The technique 
of X-ray powder photography requires only very small quantities of 
the specimen (-200 yg).
The air-sensitive compounds were sealed in capillary tubes using 
the breaking apparatus shown in Fig. 7. Two techniques were used to 
transfer the air-sensitive compound into capillary tubes: one 
(Fig. 7a) used a capillary tube made from a pyrex tube joined to a 
socket by melting, blowing and drawing it very quickly. In the second 
method a Lindemann capillary was joined to a polythene tube with glue 
(UHU). This in turn was joined to the breaking apparatus. In the 
first method, as hand-made capillaries are not always sufficiently 
thin-walled, the resulting photographs may not be clear enough to be 
measured, but there was less chance of accidental oxidation through 
leakage of the glued joints. The apparatus including the capillary 
tube was evacuated and filled with nitrogen three times. In the case 
of the hexammines the apparatus, after flushing with nitrogen, was 
filled with ammonia. The compound was then transferred to the 
capillary tube by vibrating the tube against the milled edge of a 
ten-pence coin. Then the capillary was covered in thick glue on a 
small piece of glass and broken with a blade at the part
covered, immediately sealed with glue, and then fixed in the powder 
camera. The hexammines did not change colour during exposure to the 
X-rays.
The film was mounted around the circumference of the camera 
(Fig. 8), and entrance and exit holes were provided for the beam.
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The samples gave diffraction patterns consisting of concentric 
rings, corresponding to the lines of intersection of the cones of 
diffraction and the film.
The diffraction lines were measured by a special ruler with
a vernier and light scale,to determine the 0 values, and then
24converted into d values using the radiation graphs.
\
Some of the corresponding copper(II) compounds had cubic or 
tetragonal structures, and were isomorphous with the chromium(II) 
compounds. To determine the chromium(II) complexes’ structure it 
was necessary to calculate the sin20 values of these compounds and 
compare them with those of the known copper(II) complexes. In these 
cases the unit cell dimensions were found. When the unit cells of 
the corresponding copper complexes were of lower symmetry than 
cubic or tetragonal, calculation of unit cell dimensions from powder 
data was not possible so the copper(II) complexes were made and 
their d values, obtained from powder photographs, were compared 
with those of the corresponding chromium(II) complexes. An example 
of this comparison is shown in Fig. 9.
6. Ultraviolet and Visible Spectra 
Reflectance Spectra
Air-sensitive compounds were transferred into a rectangular 
reflectance cell and sealed in vacuum using the apparatus described 
earlier (Fig. 6). The cell was then placed in the reflectance 
attachment of a Unicam SP 700C spectrophotometer.
Beside the cell was placed an identical cell containing LiF
Cr(iz) 4 SO i*Cu(iz)4SO
Figure 9
as reference. The cells were covered with a black box to prevent 
stray light from affecting the spectrophotometer. Then the 
reflectance spectra were recorded over the range 35000-5000 cm 1 
at room and liquid nitrogen temperatures.
7. Analytical Methods
The sealed tubes containing air-sensitive compounds were 
notched and broken carefully on a piece of smooth paper (in order to 
collect any splinters of glass) and the compound tapped out into a 
beaker. The solid was dissolved in distilled water, a few drops 
of concentrated nitric acid were added, and the solution was heated 
for about 30 minutes in order to oxidize the chromium(II) to 
chromium(lll). Then concentrated ammonia was added and a green 
gelatinous precipitate of chromium(III) hydroxide appeared.
The suspension was heated on a steam bath for about two hours
until the precipitate settled and coagulated. It was allowed to
cool, filtered through an ashless filter paper, and ignited in a
porcelain crucible to Cr203. The filtrate contained a halide or
sulphate which were determined gravimetrically as silver halide or
25BaS0H, as described in Vogel.
Also the percentage of chromium present was determined by 
direct ignition of the compound to Cr203 in a porcelain crucible.
Determination of vanadium(II) was carried out in a specially
17
made flask under nitrogen as described before.
8.. Microanalyses
Analyses for C, H, N were carried out in the Microanalytical 
Laboratory, University of Surrey.
9. Reagents and Solvents
Imidazole and amino-acids were used without further
purification. Pure chromium pellets were purchased from Johnson
Matthey Chemicals Limited. Absolute ethanol was used as a solvent
for most preparations, but AR acetone and AR methanol were used in 
some cases.
C H R O M I U M (II)-AMHINES
AND
HEXAMMINEVANADIUM(11) BROMIDE
Introduction
The coordination compounds of ammonia with certain di- and 
tri-valent, first-row transition metal ions are among the most 
extensively studied, but little is known about ammines formed by 
divalent chromium and vanadium. Several new chromium (II) -ammines 
have been synthesised in present work, and a preliminary investigation 
of vanadium(II)-ammines has been carried out, so relevant aspects of 
ammine chemistry have been summarised in this introduction.
The ammonia molecule has a non-bonding electron pair on the
nitrogen atom so it has strong donor ability and coordinates easily
26with transition metals. As ammonia is a relatively weak ligand 
it forms high-spin complexes with divalent first-row transition 
metal ions.
Ammines can be prepared by the action of ammonia on the salt,
using either the gas or liquid on the anhydrous salt, or by
27recrystallization of the salt from ammoniacal solution. When a
halide of a transition metal dissolves in liquid ammonia it gives
an electrically conducting solution which contains the positive
metal ion and the negative halide ion. The metal ion is surrounded
by ammonia molecules, just as it would be by water molecules in
28aqueous solutions. The general formula for these complexes is 
[M(NH3)m]Xn where m is the coordination number of metal, containing 
complex ions M(NH3)^+ and nX~ ions. But most of the transition 
metals tend to form complexes with ammonia in which m is 2, 4, 5 or 
6, and these are diammines, teti*ammines, pentammines and hexammines 
respectively.
• Some halides do not form simple ammines with ammonia, but undergo
ammonolysis whereby replacement of some or all of the halogen atoms by
amino-groups occurs. For example, the trichloride and tribromide of
^vanadium apparently form hexammines [V(NH3)6]X3, but these are more
.accurately described as a mixture of compounds containing amide groups
29-31and the ammonium halide:
VX3 + 6NH3^  VX2(NH2) *4NH3 + NfhX
The dihalides of manganese, iron, cobalt and nickel form ammines.
These halides are reduced to the metallic state, however, by solutions
32-35of potassium in liquid ammonia. Because of the similarity between
copper(II) chemistry and the chemistry of high-spin chromium(II), 
analogies between copper(II) and chromium(II) ammines would be expected. 
Many copper(II) ammines are known.
36Hexammines Copper (I I)-hexammines are known, though they are
relatively unstable. In complexes of the type [Cu (NH3)g]x2 (where
- - - - -  37
X = Cl , Br , I , . BFi+, C&G* ) it has been shown by Hathaway and
co-workers, from X-ray powder investigations, that [Cu(NH3)g]C 2^ is
tetragonal with a c/a ratio <1, and that [Cu(NHs)6]Br2 and
[Cu(NH3)6]l2 have cubic unit cells. The unit cell dimensions of the
cubic complexes increase in the sequence Br < I < BFi* < C^0h,
consistent with the increasing size of these anions. But later,
38apparently more accurate work by Distler and Vaughan indicated that 
the copper(II)-hexammine halide phases of approximate composition 
[Cu(NH3)6]X2 (where X = C&, Br, or I) are all tetragonal at room 
tenperature. The positions of the nitrogen atoms in the chloride 
and bromide were determined, and it was shown that there are four 
short (2.1 X) and two long (2.6 X) copper-nitrogen bond 
-distances . These-authors-suggested that the bromide
undergoes a transition to the cubic form in the temperature range 
70-310°C.
Most copper(II) salts dissolve readily in water giving aqueous
2 Hr
[Cu(H20)61 , which reacts with ammonia to form complexes of the
type [Cu(NH3) (H20) 5] 2 + .... [Cu(NH3)^(H20)2]2+. These are formed in
the normal way up to the fourth ligand, but binding the fifth and 
sixth ligands was not found to be possible in aqueous solution.
However, the ion [Cu(NH3)6]2+ can be obtained in liquid ammonia. The 
weak binding of the fifth and sixth ligands is due to the Jahn- 
Teller effect.
The properties and formulae of copper (II)-hexammine halides have 
been discussed by several investigators.^ Peyronel^ suggested 
that the hexamminecopper(II) bromide complex would best be formulated 
as [Cu(NH3) 6]Br2 involving the hexamminecopper(II) cation, but the 
formation of [Cu(NH3) 4X2] *2NH3, involving a copper (I I) ion in a 
six-coordinated environment, was also possible. Hathaway and Tomlinson^ 
found close similarities between hexammines and pentammines in their 
infra-red and e.s.r. spectra and unit cell dimensions, so they 
concluded that in the hexammines (see below), such as Cu(NH3) 5X2,NH3, 
the sixth ammonia molecule is not coordinated.
The work of Distler and Vaughan was in disagreement with the
37results of both Peyronel, and Hathaway and Elliott.. Distler and
2 ■}*
Vaughan stated that copper (II)-hexammines contained [Cu(NH3)6] 
ions, provided the sample was kept in contact with an atmosphere of 
ammonia. This disagreement has not been resolved.
Pentammines Copper(II)-pentammine halides can be obtained by careful 
decomposition of the corresponding hexammine under reduced pressure.
The sulphate, [Cu(NH3) 5] SO 4, can be obtained by reacting liquid 
ammonia with copper(II) sulphate.41 Hie properties of the 
pentammine complexes are consistent with a square-based pyramidal 
configuration for the [Cu(NH3) 5]2+ cation. The [Cu(NH3)5]X2 complexes 
(X = Br, I, CZOii, BFij) have face centered cubic unit cells.41
Tetrammines These complexes are generally considered to be the most 
usual type of complex4  ^formed by the copper(II) ion: [Cu(NH3) 4] (CuBr2) 2, 
,[Cu(NH3) JPtC^, [Cu(NH3) 4] (N02) 2, [Cu(NH3) i**H20]SO^, [Cu(NH3) J  (SCN) 2
and [Cu(NH3)lt](CuI2)2 have been investigated. All these complexes
r 2 A 3contain the square planar |Cu(NH3)J ^ cation.
Diammines Diammines of copper(II) halides crystallize44 in two-forms: 
a- [Cu(NH3) 2X2] which have a chain structure with distorted octahedral 
coordination of the copper(II) ion in which Cu-2N, 1.93 X, Cu-2Br,
2.54 X, and Cu-2Br, 3.08 X; and [Cu(NH3)2X2],which are isostructural 
with mercury(II) compounds4  ^in which the metal Cu has two co-linear
NH3 neighbours at 2.03 X and four Br atoms at 2.88 X. Various
Af\
diammines have been studied by Hathaway and others.
Electronic spectra of copper(II)-ammines
Various attempts have been made to interpret the absorption 
spectra of the ammines.
- 47Weigert found that there was a continuous change in the position 
of the absorption bands as the concentration of ammonia in aqueous 
solution increased, and concluded that the effect was purely physical.
48but later work, especially that of Rosenblatt, does not support 
this conclusion, and makes it clear that the change in colour is the 
result of a chemical change in the proportions of the various 
ammoniated ions present. This is to be expected from the differences 
in colour of the solid ammines. As a rule the diammines are pale 
blue (rarely green), the tetrammines violet blue, and the pentammines 
and hexammines again pale blue.
• ' Hathaway showed that there was a change in the electronic spectrum
,; of the copper(II)-aqueous ammonia system on the addition of ammonia 
through the successive formation of these complexes. The absorption 
intensity increases with increasing ammonia up to m = 4 (n = number of 
ammonia molecules). Thereafter, addition of further ammonia results in 
a decrease in the intensity. This suggests a loss of the centre of 
symmetry originally present in the tetrammines and reduced tetragonal 
distortion; this change has been termed^ the "pentammine effect”.
Hathaway reported that the electronic spectra of the pentammines 
closely resemble those of the hexammines.
Ammines of vanadium
Vanadium(III)-ammines have been prepared by the action of liquid
ammonia on dry vanadium(III) salts.^ ^  The reaction between
vanadium(V) fluoride and liquid ammonia results in reduction to the
quadrivalent state, with the foimation of same adduct, VFi* * NH3, as is
52formed by vanadium(IV) fluoride.
Little is known of vanadium(II)-ammines, due to the strongly 
reducing character of this oxidation state and the interfering colours 
of the probable vanadium(III) impurities.
53Meyer and Backa ; attempted to prepare ammines of vanadium(III)- 
halides. They obtained a dark red compound which they believed to be 
[V(NH3) 6]C£3. Ephraim and Ammann^ prepared [V(NH3) 6]C&3 by the 
action of gaseous ammonia on the anhydrous vanadium(III) chloride, 
and the compound which they obtained was a light brown colour which 
darkened if exposed to the air, but could be kept unchanged in a sealed 
container for years. Ephraim and Ammann said that the colour of 
Meyer and Backa’s compound seemed to indicate that it was, in fact, a 
mixture containing pentavalent vanadium., These authors also obtained 
[V(NH3)6]Br2 by the action of gaseous ammonia on anhydrous vanadium(II)- 
bromide. This ammine lost no ammonia up to 150°C and after 212°C lost 
only two molecules of ammonia. The temperature at which decomposition 
took place was 254°C. Ephraim and Ammann heated gaseous ammonia on 
melted vanadium(II) /chloride and kept it at room temperature for one 
and a half months. They observed that the vanadium(II) chloride 
changed to a greyish-violet powder. Analysis for this ammine showed a 
low percentage of chloride and gave the formula [V(NH3) 3.i*]C£i.9.
This ammine which at first was a very pale colour began to take on a 
violet tint soon after decomposition set in.
However, vanadium(II) chloride does not react rapidly with 
ammonia, but over a period of several weeks at room temperature, 
reaction occurs, with the formation of a light purple-brown solid 
with a magnetic moment, u = 3.70 BM. This ammine is stable in a
V
vacuum up to 100°C, above which temperature a rapid decomposition sets 
in. Although no ammonolysis occurs in liquid ammonia at room
29temperature, the passage of gaseous ammonia over vanadium(II) chloride 
at above 350°C leads to the formation of a sublimate of ammonium 
chloride.
No further investigations have been made on these ammines.
Divalent vanadium possesses a notably lower tendency to complex-
formation than the trivalent metal. Thus [V(NH3) 6]C£2 decomposes in 
55water immediately, so ammines of vanadium(II) can be made in 
practice only in dry conditions.
Chromium(II) ammines
Ammines of chromium(II) chloride were first prepared by Peters 
57and Ephraim by the action of ammonia gas on chromium(II) chloride.
They noted the formation of a grey compound, believed to be hexammine-
chromium(II) chloride. Their result was later partially verified by
58Schlesinger and Hammond who obtained a dark blue compound. They 
prepared the hexammine by applying different pressures of ammonia 
to anhydrous chromium(II) chloride, but there was disagreement about 
the colour of the hexammine.
By addition of concentrated ammonia solution to chromous chloride 
59solution, Hume obtained a deep blue solution. He
reported that this solution was unstable, precipitating chromium(II)
hydroxide after two hours.
The only other study of chromium (II)-ammines appears to be that 
of Lux, Eberle and Sarre^ who prepared [Cr(NH3)^*H20]S0£f, and reported 
that it was isomorphous with the corresponding copper (I I) compound.
Nickel(II)-ammines
Ligand field theory shows that vanadium(II) complexes should be 
similar to nickel(II) complexes, so it is relevant to study 
nickel(II)-ammines.
Divalent nickel produces numerous ammines with ammonia. The
6l 62nickel(II) ammimes closely resemble those of divalent cobalt. 9
In general the stability of hexammines [m(NH3)6]X2 (as measured by
the ^ dissociation tension of ammonia) .is greater with nickel than with
any other divalent metal. The stability of the ammines to water (the
strength.of the Ni-N as compared with Ni-0 link) is also'
considerable and several tetrammines and even some hexammines can
64be recrystallized from dilute aqueous ammonia.
It has been found by King,^ who measured-the degree of 
dissociation of the complex ion in water by the freezing-point method, 
that [Ni(NH3)G]2+ is more stable than [Cu(NH3) GJ2+. But the tetrammine
seems to be stable with copper, and the hexammine with nickel.
66 67According to the investigations of Konowaloff, Dawson and McCrae,
and Bonsdorff,^ ammcniacal nickel solutions contain mainly a
69tetrammine complex. In his. investigation Poma was able to show that 
the colour of ammoniacal nickel solutions continues to change with the 
ammonia concentration until about 10 N. He concluded from this that 
ammoniacal nickel solutions contain at least two ammine complexes.
The ammines, like the hydrates, contain various but definite
quantities of added substance, e.g. nickel chloride forms ammines with
6,4,2 and 1 molecules of ammonia. Some nickel(II) salts, especially
those with large anions,can take up more than six molecules of ammonia,
70even as many as 16 or 18: a salt has been prepared which has the 
composition Ni[Pt(SCN)6]l8NH3 although in a vacuum it loses eight of 
these 18.
After tetrammines and diammines, hexammines are the most common
71of these compounds. A study by Kocsis shows that anhydrous
ammines of the - type [Ni(NH3)6]X2 (where X = Cit, Br, S04) are 
the most stable hexammines.
i 72 64
v:■ Nickel(II) -hexammines were first prepared by Rose and Erdmann
who described them as pale blue powders. Nickel(II)-
hexammines can be prepared by the action of ammonia on nickel (II)
halides, using either the gas or liquid on the anhydrous nickel(II) salt,
*or by crystallization from a solution of the nickel(II) salt in an excess
73of ammonia. Frasch obtained [Ni(NH3)6]C&2 by treating an aqueous 
solution of nickel(II) halide, sulphate, or nitrate with an excess of 
ammonia, and adding alkali chloride.
Stoll^ found that nickel (II)-hexammines have a face-centred,
cubic lattice of. the calcium fluoride type. The nickel atoms are
located at the centres of the faces of the cube. Each nickel atom is
surrounded by six ammonia groups arranged at the comers of an
octahedron, and halide atoms are arranged at the comers of a cube.
75 76However, Wyckoff, Scherrer and Stoll suggested that hexammines have 
a structure identical to ammonium chloroplatinate. Some of the 
characteristics of hexammines are tabulated below:
Compound Unit Cell Interatomic Distance R Ref
[Ni(NH3)6]Cil2 10.064 Ni-CJl, 4.36 77
[Ni(NH3)G]Br2 10.340 Ni-Br, 4.48 77
[Ni(NH3)6]l2 10.875 Ni-I, 4.70 77
Ni-N, 2.58 78
The magnetic moments of [Ni(NH3)6]2+ ions are in the range
2.9-3.4 BM, indicating some orbital contribution; their absorption
79spectra contain four bands in the visible and near ultra-violet, with
Ejnax usually '**10 litre  mol 1 cm 1. These ammine complexes [Ni(NH3)6JX2
(where X = C£, Br, N03 and S04) dissociated in two steps, giving the
80intermediate complex, [Ni(NH3) 2]X2 (except N03). The order of 
increasing thermal stability for these hexammines was 
NO3 < Cl < S04 < Br.
EXPERIMENTAL
Reaction of ammonia with chromium(II) salts results in an 
extensive series of ammines involving chromium to ammonia ratios of 
1 : 1 to 1 : 6, except 1 : 3 .
Four routes have been used in attempts to prepare chromium (I I) 
ammines:
(a) Passage of dry ammonia through a solution of the anhydrous 
or hydrated chromium(II) salt in absolute ethanol.
(b) Addition of concentrated ammonia to an aqueous solution of 
a simple salt.
(c) Reaction of an anhydrous salt or a lower ammine of 
chromium(II) with liquid ammonia.
(d) Controlled thermal decomposition of a higher ammine.
Route (b) was in practice not suitable for the preparation of 
chromium (I I) -ammines. When 880 ammonia was added to a concentrated 
aqueous solution of a chromium(II) salt a deep blue solution was 
obtained, but before any ammine could be isolated a brown precipiate 
of chromium(II) hydroxide usually appeared. The use of dry, but 
hydrated chromium(II) salts in the preparation of the ammines from 
ethanol did not have any deleterious effect on the products.
In the earlier experiments acetone was used as a solvent, but 
a dark brown product was obtained instead of the required ammines. 
The nature of this product has not been studied but it may be a 
chromium(II) or a chromium(III) complex of a ligand formed by 
condensation between ammonia and acetone.
General Preparation of Chromium(II) Ammines
When ammonia was passed .through a solution of a chromium(II) 
halide in ethanol in the apparatus shown in Fig. 5b, different 
coloured precipitates were observed as the passage of ammonia 
continued. The final product, the hexammine, which was grey or 
greenish-grey, was then filtered off, washed with absolute ethanol, 
and dried under high vacuum at room temperature. Some ammonia was 
always lost during the drying procedure, and the product became 
bluish-violet through the formation of some pentammine.
All preparations and measurements were carried out under 
nitrogen using the apparatus described in Chapter 2. The compounds 
were dried under vacuum or continous pumping.
1. Hexamminechromium(II) Chloride
Chromium(II) chloride tetrahydrate (1.02 g) was dissolved in 
passed - Ks a.bovefV\e hexa.rr\mine«§ave Some pea'tammAne -Twen. Ammonia 
absolute ethanol (30 ml) and pure dry ammonia J^ at approximately 75 cm
pressure was admitted to the vessel containing the bluish-violet
pentammine. Absorption began with evolution of heat and the bluish-
violet colour changed to grey. To make certain, the reaction was
stopped only after the compound showed no absorption for a period
of 6-8 hours. The grey product which was extremely unstable to loss
of ammonia was sealed in tubes in an atmosphere of ammonia.
Immediately on exposure to air a violet compound was obtained, which
later turned to pale blue and then brown.
Calculated for [Cr(NH3)6]C^2* Cr, 23.10 ; C&, 31.501
Found: • Cr, 23.72 ; C£, 30.92%
2. Hexammine chromium (II) Bromide
Chromium(II) bromide hexahydrate (1.86 g) was dissolved in 
Passed -As abo\/eiV\e Kexa.vrim\\f\£$ave some Tcrcta.rr\Yv\ine -T^evv amvAorua 
absolute ethanol (40 ml) and pure dry ammoniaj^.t approximately 75 cm
pressure was admitted to the vessel containing the bluish-violet
pentammine. Absorption began with evolution of heat and the
bluish-violet colour changed to greenish-grey. The same procedure
as above was used for preparation of this ammine. The final product,
which was extremely unstable, was sealed in tubes in an atmosphere
of ammonia. On exposure to air it turned brown.
Calculated for [Cr(NH3)6] Br2 : Cr, 16.56 ; Br, 50.89%
Found: Cr, 17.01 ; Br, 50.41%
3. Hexamminechromium(II) Iodide
Chromium (I I) iodide hexahydrate (1.76 g) was dissolved in 
Passed . As ^bovetWe some pcrvtammvnt •'TRen ammoma
absolute ethanol (35 ml) and pure dry ammonia j^t approximately' 75 cm
pressure was admitted to the vessel containing the bluish-violet
pentammine. Absorption began with evolution of heat and the
bluish-violet colour changed to grey. The same procedure was used as
for hexamminechromium(II) chloride. This iodide, although unstable,
was relatively stable in comparison with [Cr(NH3) 6]Cil2 and
[Cr(NH3) 6]Br2. This compound was handled in an atmosphere of
ammonia.
Calculated for [Cr(NH3) 6]12• Cr, 12.74 ; I, 62.20%
Found: Cr, 13.13 ; I, 61.89%
47 Pentamminechromium (II) Chloride
This was obtained by careful decomposition of the corresponding 
hexammine under reduced pressure. The vessel containing the grey
hexamminechromium(II) chloride (1.02 g) was evacuated and as soon as 
the colour changed to violet the pumping was stopped at once.
Further pumping causes more ammonia to be lost.
Calculated for [Cr(NH3) 5]C£2 •’ Cr, 24.99 ; C , 34.08%
Found: Cr, 25.29 ; C , 33.58%
5. Pentamminechromium(II) Bromide
Ihis ammine was obtained by careful decomposition of the
hexamminechromium(II) bromide. The vessel containing the greenish-
grey hexamminechromium(II) bromide (2.15 g) was evacuated, and as
soon as the colour changed to violet the pumping was stopped at
once. The product was then sealed in tubes under vacuum.
♦
Calculated for [Cr(NH3) 5]Br2: Cr, 17.50 ; Br, 55.81%
Found: Cr, 17.66 ; Br, 53.34%
6. Pentamminechromium(II) Iodide
This ammine was obtained by careful decomposition of the 
hexamminechromium(II) iodide. The vessel containing the grey 
hexamminechromium(II) iodide (1.85 g) was evacuated, and as soon as 
the colour changed to violet the pumping was stopped at once. The 
final product was then sealed in tubes under vacuum. On exposure to 
air it turned brown.
Calculated for [Cr(NH3)5]I2: Cr, 13.29 ; I, 64.91%
Found: Cr, 13.07 ; I, 64.73%
77 Tetramminechromium(II) Sulphate Monohydrate
This ammine was prepared by passing anhydrous ammonia through a
suspension of hydratedchromium(II) sulphate (lo05 g), in absolute 
ethanol (40 ml), the desired compound precipitated as a fine powder 
The product, which was violet, was then filtered off, washed with 
absolute ethanol, and dried under high. vacuum at room temperature 
and sealed in tubes under vacuum. No ammonia was lost during the 
v drying procedure. On exposure to air it turned dull blue.
Calculated for [Cr(NH3;U’H20]S01,: Cr, 22.20 ; S0„, 41.01
Found: Cr, 22.20 ; SO it, 41.21
8. Chromium(II) Acetate Monoammine
When anhydrous ammonia gas was passed through a suspension of 
chromium(II) acetate monohydrate (1.91 g), in absolute ethanol 
(35 cm3), the reddish-purple compound was precipitated, and then 
washed with absolute ethanol and dried under vacuum and sealed in 
tubes under vacuum. In comparison with other ammines this was 
relatively stable and resistant to oxidation. On exposure to air 
it turrled gradually to brown.
Calculated for [Cr(CH3Q02)2NH3]2:
Cr, 27.78 ; C, 25.67 ; H, 4.84 ; N, 7.48%
Found:
Cr, 27.32 ; C,. 25.46 ; H, 4.97 ; N, 7.43%
9. Tetramminechromium(II) Acetate .
This was prepared as a violet powder by the action of liquid 
ammonia on chromium(II) acetate monoammine. Anhydrous ammonia gas 
was liquified by-passing it into the apparatus (Fig. 4), containing 
the chromium(II) acetate monoammine (1.40 g), surrounded by a 
mixture of acetone and carbon dioxide (or liquid nitrogen). Excess
ammonia was allowed to evaporate, leaving the final product, while 
ammonia gas was passed through the apparatus at a considerable rate.
This compound, as well as being sensitive to air, was extremely 
unstable to the loss of three molecules of ammonia when exposed to 
air or nitrogen atmosphere. All samples were handled under an 
atmosphere of ammonia.
Calculated for Cr(NH3) 4 (CH3COO) 2: Cr, 21.82%
Found: Cr, 21.75%
10. Diamminechromium(II) Chloride
This ammine was obtained by careful decomposition of the 
pentamminechromium(II) chloride. Pentamminechromium(II) chloride 
(0.96 g) was heated in an oil bath under continuous pumping for 
about two hours at 50-90°C; the colour changed to pale blue. The 
product, which was very sensitive to air, was then collected in 
tubes and sealed in a vacuum. Immediately after exposure to air, 
it turned brown.
Calculated for [Cr(NH3) 2C£2] : Cr, 33,12 ; C£, 45.17%
Found: Cr, 32.94 ; C£, 45.48%
11. Diamminechromium(II) Bromide
This ammine was prepared by thermal decomposition of the 
corresponding pentammine. Pentamminechromium(II) bromide (2.15 g) 
was heated in an oil bath under continuous pumping for about two 
hours. Diamminechromium(II) bromide was obtained as a pale blue solid at 
50-90°C. The product was then collected in tubes and sealed in a 
vacuum. Immediately after exposure to air, it turned brown.
Calculated for [Cr(NH3)2Br2] : Cr, 21.14 ; Br, 64.99%
Found: Cr, 21.90 ; Br, 64.92%
12. Diamminechromium(II) Sulphate
. This ammine was prepared by thermal decomposition of 
chromium(II) sulphate tetrammine monohydrate. The violet chromium(II) 
sulphate tetrammine monohydrate (1.23 g) was heated in an oil bath 
under continuous pumping for 1-2 hours at 80-90°C, and the colour 
changed to pale blue. The final product, which was very sensitive 
to air, was then collected in tubes and sealed in a vacuum. 
Immediately after exposure to air, it turned dull blue.
Calculated for [Cr(NH3) 2SC>4] : Cr, 29.01 ; SOi*, 51.80%
: Found: Cr, 28.89 ; SO4, 52.74%
13. Hexamminevanadium(II) Bromide
This compound was prepared by bubbling dry ammonia through a 
solution of vanadium(II) bromide hexahydrate (1.61 g) in absolute 
ethanol (45 cm3). As the passage of ammonia through the solution 
continued, the purple colour changed to off-white. The product was 
then washed with deoxygenated absolute ethanol and dried and 
collected in tubes under vacuum.
This conpound, unlike chromium (I I) and copper (I I) ammines, was 
stable to loss of ammonia. To confirm this result another procedure 
was used: anhydrous ammonia gas was liquified by passing it into a 
cooling apparatus (Fig. 4), containing vanadium(II) bromide 
hexahydrate, surrounded by a mixture of acetone and carbon dioxide. 
The excess ammonia was allowed to evaporate. The same off-white 
product as before was obtained.
Calculated for [V(NH3)6]Br2: V, 16.27 ; Br, 51.054
Found: V, 15.51 ; Br, 49.974
Attempts were made to prepare ammines of vanadium (I I) sulphate.
For this purpose liquid and gaseous ammonia were reacted in separate 
experiments with vanadium(II) sulphate but each time, after a 
vigorous reaction, a dark brown compound appeared which stuck to the 
reaction vessel. This product did not change in air and its nature 
is unknown. '
14. Diamminecopper (II) acetate
The attempt, initially made to prepare a complex with a formula 
[Cu(CH3C02) 2(NH3)] 2 led to the formation of Cu(CH3C02)2(NH3)2. When 
anhydrous ammonia gas was passed through a suspension of copper(II) 
acetate (2.00 g) in absolute ethanol (20.00 cm3), the turquoise compound 
started to dissolve and gave a blue solution. This solution, after 
evaporation to half volume, was kept at 0°C for five hours. The blue 
crystals which separated were filtered off and washed, with ethanol and 
ether and dried. It seems that the metal bridges in [Cu(CH3C02):2H20] 2 
were disrupted by the action of ammonia because microanalyses showed 
that a diammine had been formed.
Calculated for Cu(CH3G02)2(NH3)2: C, 22.27; H, 5.60; N, 12.98
Found: C, 22.16; H, 5.72; N, 13.33
15. Chromium(II) -Salen System
Attempts were made to prepare a complex of chromium(II) with salen
from ethanolic and aqueous solutions, but it was not possible to obtain
the complex by this method. Salen was dissolved in hot ethanol, 
treated with lithium hydroxide (or sodium hydroxide), and heated with 
stirring for about one hour. A solution of hydrated chromium(II) iodide 
in ethanol was then added to the warm solution of lithium hydroxide and 
salen. Immediately, a dark brown solution appeared. This solution, 
when concentrated and mixed with ether, produced yellowish-brown crystals 
which were not sensitive to air and were not investigated further. In 
another attempt an ethanolic suspension of Cr(NH3)sl2 was mixed with 
an ethanolic solution of salen in the hope of producing the following 
reaction:
-OH HO-^ }) + Cr(NH3)5l2“^  | Cr ] + 2NHi*I + 3NH3
C=N N=C
H \ / H
(CH2)2
It was hoped that the ammonia would neutralise the protons produced 
on coordination of the salen which were believed to cause the oxidation 
of the chromium(II), but the resultant solution, which was dark brown, 
was not sensitive to air.
Magnetic Results
Chromium(II)-ammines
The magnetic data available show that in general chromium(II) 
compounds are of the high-spin type and have magnetic moments slightly 
lower than the spin-only value of 4.90 BM which are independent of 
temperature.
The variation with temperature, in the range 89-300°K, of the
atomic susceptibilities, and the effective magnetic moments, yg,
of the chromium (I I)-ammines are shown in Tables 3-9 together with the
diamagnetic corrections (calculated from Pascal’s constants) and the
Curie-Weiss constants 9. The reciprocals of the magnetic
susceptibilities of most of the complexes decrease linearly with
temperature down to liquid nitrogen temperatures as shown in
Figs. 10-17, and the intercepts are zero (9 = 0). Thus the Curie law
(X = §) is obeyed. The hexammines [Cr(NH3) 6]C£2, [Cr(NH3) 6]Br2,
and [Cr(NH3)6]l2 have magnetic moments, y , which vary little with
temperature, and are close to the value (4.9 BM) expected for
4magnetically dilute, high-spin d compounds. The magnetic behaviour 
of the pentammines, [Cr(NH3) 5]C&2, [Cr(NH3) 5]Br2, and [Cr(NH3)5]l2 
similarly shows that these are also magnetically-dilute, high-spin 
chromium(II) compounds.
The reduction below the spin only value arises because of a 
second-order effect of spin-orbit coupling between the ^T2 term and
o
the ground term. This effect is expressed by the following
s
formula:
where a is 2 for an E term, 10 Dq is the energy separating the 
interacting terms, and X is the spin-orbit coupling constant, the 
free ion value of which is +58 cm 1. 10 Dq obtained spectroscopically
is about 16000 cm 1 for N-donor ligands. By putting these values 
into the above formula, the value y = 4.85 BM obtained, which is in 
agreement with the experimental value.
Unlike the hexammines and pentammines, the diammines [Cr(NH3)2C£2] >
[Cr(NH3)2Br2] and [Cr(NH3)2S0lt] obey the Curie-Weiss law, y =
where 0 is minus the temperature at which the line cuts the temperature
axis. The 0 values of 38°, 22° and 32° respectively are fairly large
and the magnetic moments, which are somewhat below the span-only value
at room temperature, decreased still further as the temperature was
reduced. Since no first-order orbital contribution to the moment is
expected for high-spin d^ systems this behaviour can be ascribed to
antiferromagnetic interactions in halide or sulphate-bridged stinctures.
The halide and sulphate-bridged structures are confirmed by the
reflectance spectra (see later section on reflectance spectra) which are
typical of tetragonal six-coordinate chromium(II) compounds. The
tetrammine [Cu(NH3) has a magnetic moment lower than the
spin-only value which decreased slightly at lower temperatures. This
is because of the weak antiferromagnetism (0 = 8°) probably arising
through weak interaction between the paramagnetic metal ions in a
hydrogen-bonded, water-bridged structure as in the corresponding
81copper (I I) complex with which it is isomorphous. The tetrammine 
acetate Cr(NH3)it(CH3C02)2 obeyed the Curie law over the temperature 
range investigated. Its temperature-independent magnetic moment is only 
slightly below the spin-only value and thus it is a magnetically
normal, high-spin chromium (I I)' compound.
The chromium(II) acetate monoammine has a magnetic moment of
0.55 BM at room temperature and 0.26 BM at 89°K. This strange 
behaviour arises from strong antiferromagnetic interactions between 
the chromium ions in a structure like that of chromium(II) acetate- 
monohydrate in which ammonia molecules have replaced water.
Hexamminevanadium(II) Bromide
The variation with temperature in the range 89-300°K, of the 
atomic susceptibility, y* > znd effective magnetic moment, y , ofA 6
hexamminevanadium(II) bromide is shown in Table 9 and Fig. 18.
As for chromium (II) complexes, there is a second-order effect of
spin-orbit coupling which causes the magnetic moment of vanadium(II)
complexes to be below the spin-only value. When the ^F ground term
4of vanadium(II) is split by an octahedral ligand field, a A term
2 §
lies lowest, and above it lies the ^T term. It has been shown that
2g
with the term lowest, the absence of orbital degeneracy leads to
a magnetic moment near the spin-only value of y = /n(n+2) BM. Fors • o
complexes of vanadium(II), like chromium(II), the second order spin- 
orbit coupling affects the moment according to equation I. For 
complexes of vanadium(II), X is 57 cm *, a is 4 and 10 Dq is the 
separation between the ground level and the level being mixed in.
For a less than half-filled shell X is positive and this should 
lead to a reduction in the moment below the spin-only value. The 
10 Dq value of [V(NH3)6]Br2 obtained spectroscopically is 14600 cm 1 ,■
Substitution in equation (I) gives a moment 
y = 0.99 (y ) = 3.80 BM. The ammine, [V(NH3)6]Br2 has a magnetic 
moment, 3.99 BM, somewhat higher than the spin-only value at room 
temperature, which is contradictory to the above discussion, and the 
magnetic moment decreased to 3.78 BM as the temperature was reduced.
This temperature dependence (0 = 12°) could be attributed to weak 
antiferromagnetic interactions. However, it is difficult to see how
2 "i"
antiferromagnetic interactions could arise with ions such as V(NH3)6 
where the metal ion is six-coordinate. In addition, no antiferromagnetic 
interaction was found in the chromium(II)-hexammines. It has been 
reported that vanadium(II)-ammines are readily ammonolysed so it is 
possible that small amounts of species such as V(NH3) 5 (NH2) -,Br3
2 Y
containing NH2 bridges could be present. This would account for the 
slight antiferromagnetic behaviour, and the apparently high magnetic 
moment, as the molecular weight of the hexammine was used in calculating 
the magnetic moment. The compound was re-prepared (from liquid ammonia) 
and the same magnetic results obtained (Table 10, Fig. 19). It was 
hoped to prepare [V(NH3)6]C£2 and [V(NH3)6]l2 to investigate the effect 
further, but this was not possible because of difficulties in obtaining 
the vanadium(II) chloride and iodide.
TABLE 3
Compound T(°K) 106xA  10"2XA_1 Pe (BM)
[Cr(NH3)6]CS,2 294.8 9841 1.0040 4.85
262.5 1094 0.9023 4.82
230.2 12480 0.7916 4.82
198.2 14520 0.5811 4.82
166.2 17300 0.5729 4.82
135.2 214300 0.4663 4.81
103.7 271600 0.3680 . 4.74
9 = 0° 89.4 315500 0.3168 4.75
(diamagnetic correction = -155 x 10 e.g.s.u.)
[Cr(NH3)6]Br2 295.0 9895 0.9927 4.87
■ 262.6 11160 0.8822 4.87
230.4 12700 0.7763 4.87
198.4 14850 0.6653 4.88
166.4 17860 0.5545 4.89
135.2 22060 0.4496 4.90
103.5 28600 0.3477 4.88
9 = 0° 89.0 34000 0.2923 4.93
(diamagnetic correction = -177 x 10-6 c.g.s.u.)
TABLE 4
Compound T(°K) 106xA 10"2XA"‘ Ug (BM)
[Cr(NHa)6]l2 294.8 9913 0.9880 4.88
262.7 11220 0.8747 4.90
230.4 12820 0.7677 4.89
198.7 14980 0.6583 4.91
166.4 17980 0.5499 4.91
135.2 22140 0.44.74 4.91
103.5 28980 0.3426 4.91
0 = 0 °  89.4 33590 0.2959 4.91
(diamagnetic correction = -209 x 10 6 c.g.s.u.)
[Cr(NH3)5]CJl2 294.8 9612 1.0257 4.77
262.6 10720 0.9213 4.76
230.4 12195 0.8108 4.76
198.7 14160 0.6993 4.75
166.2 16900 0.5869 4.75
134.7 20800 0.4776 4.75
103.7 26940 0.3693 4.73
0 = 0° 89.4 31300 0.3181 4.74
(diamagnetic correction = -137 x 10~6 c.g.s.u.)
TABLE 5
Compound T(°K) 10V -2 -11° XA ye(BM)
[Cr(NH3) 5]Br2 295.0 9603 1.0410 4.76
262.7 10890 0.9175 4.78
230.0 12400 0.8058 4.77
198.5 14510 0.6889 4.80
166.4 17330 0.5768 4.80
135.2 21480 0.4654 4.81
103.5 27700 0.3603 4.79
0 = 0 ° 89.4 32200 0.3100 4.80
(diamagnetic correction = -159 x 10 6 c.g.s .u.)
fCr(NH3) S1L
9 = 0°
295.0 9893 0.9917 4.87
262.7 11200 0.8781 4.88
230.0 12640 0.7792 4.85
198.0 14940 0.6609 4.88
166.0 17670 0.5599 4.85
135.0 21640 0.4581 4.85
105.5 28410 0.3496 4.93
90.2 23980 0.3013 4.87
“■ 6(diamagnetic correction = -191 x 10 c.g.s.u.)
TABLE 6
Compound T(°K) 10_6Xa  10"2Xa_1 Ue (BM)
[CrCNH3)2C)!.2] 295.0 8934 1.1930 4.57
262.5 9766 1.0239 4.50
230.0 10930 0.9070 4.47
197.8 12510 0.7992 4.43
167.5 14470 0.6908 4.39
136.0 17190 0.5818 4.31
105.5 21290 0.4718 4.24
6 = 38° 89.0 21850 0.4560 3.94
(Diamagnetic correction = -83 x 10 6 c.g.s.u.)
[Cr(NH3)2Br2] 295.0 8151 1.2269 4.38
262.5 8717 1.1471 4.27
230.5 10070 0.9926 4.30
198.8 11420 0.8757 4.25
166.5 13320 0.7508 4.21
135.5 16200 0.6173 4.21
104.0 20110 0.4974 4.19
0 = 22° 88.5 22610 0.4386 4.09
(diamagnetic correction = -67 x 10"”6 c.g.s.u.)
TABLE 7
Compound T(°K) 10sxA  10"2Xa _1 Ue (BM)
[Cr(NH3)2SO,,] 294.8 9363 1.0680 4.69
262.2 10390 0.9621 4.67
230.4 11660 0.8577 4.63
198.2 13190 0.7581 4.57
166.2 15240 0.6563 4.50
135.2 18180 0.5500 4.42
103.7 22440 0.4456 4.31
8 = 3 2 °  89.4 25320 0.3949 4.25
(diamagnetic correction = -76 x 10-6 c.g.s.u.)
[Cr(NH3)„.H20]S0„ 294.8 10160 0.9840 4.89
262.5 11456 0.8733 4.90
230.4 12900 0.7749 4.87
198.2 14880 0.6719 4.85
166.2 17580 0.5689 4.83
135.2 21300 0.4695 4.79
103.7 27160 0.3682 4.74
8 = 8 °  89.4 31430 0.3182 4.74
(diamagnetic correction = -125 x lCf6 c.g.s.u.)
TABLE 8
Compound T (°K) 1Q6XA
\
in"2 "11° xA ye(BM)
[Cr(CH3CO) 2 (NH3)] 2 295.0 132.5 75.46 0.56
263.5 124.8 80.09 0.51
245.0 119.7 83.51 0.48
230.4 130.8 76.44 0.49
198.2 120.5 82.92 0.44
166.2 127.4 78.48 0.41
145.5 117.1 85.33 0.37
135.2 126.5 79.017 0.37
103.7 114.6 87.23 0.30
89.4 95.0 105.2 0.26
(diamagnetic correction = -78 x 10”6 c.g.s .u.)
TABLE 9
Compound T(°K) 106xA 10"2XA_1 Ve (BM)
Cr (NH3) ^ (CH3C02) 2 294.8
262.5
230.4
198.4
166.2
135.2
103.7
89.4
(diamagnetic correction = -132
[V(NH3)6]Br2 294.8
262.5
230.4
198.2
166.2
134.7
103.7
9 = 12° 89.4
(diamagnetic correction = -177
9352 1.0544 4.72
10560 0.9351
\
4.73
12080 0.8188 4.74
13980 0.7085 4.73
16830 0.5896 4.74
20740 0.4791 4.75
27320 0.3660 4.76
31570 0.3154 4.76
D 6 c.g.s .u.)
6710 1.4914 3.99
7560 1.3230 3.98
8460 1.1823 3.94
9610 1.0404 3.90
11300 0.8853 3.87
13830 0.7229 3.85
17480 0.5722 3.80
20037 0.4991 3.78
x 10 6 c.g.s.u.)
TABLE 10
Compound T(°K) 106XA . 1CV V  V BM)
[V(NH3)6]Br2’ 294.8 6519 1.5339 3.92
262.5 7237 1.3817 3.89
230.4 8171 1.2239 3.88
198.2 9367 1.0675 3.81
166.2 11310 0.8845 3.87
135.2 13650 0.7325 3.84
103.7 17340 0.5768 . 3.79
89.4 19870 0.5032 3.76
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Reflectance Spectra of Chromium(II)-ammines
The chromium(II) ion has a 3d4 electron configuration giving rise 
to a *^D spectroscopic ground term which is split in an octahedral (0 )^ 
crystal field into a lower doublet E level and upper triplet T level.
o o
5 5Therefore, only one spin-allowed d-d transition, E T , is
g ^8
expected in the visible spectra of chromium(II) complexes.
82However, the E ground term is orbitally degenerate (0^ symmetry)
§
and so a high-spin complex is subject to Jahn-Teller distortion. As a 
result, even with six identical ligands, the expected stable
configurations are distorted (0^ -*■ D^) and three spin-allowed
5 5 5 5 5 5transitions are expected, B, -»• A, , B B and B -> E^ as
F 9 ig ig* ig 2g ig g
shown in Fig. 20.
83 84Orgel and others attributed the broad, highly asymmetric
visible band in aqueous chromium(II) spectra to a tetragonal distortion
of octahedral Cr(H20)62+, brought about by the Jahn-Teller effect.^
Such tetragonal distortions (axial elongation) have been observed in
86 87chromium(II) compounds studied crystallographically. 9 The presence 
of the low-energy band is expected if the molecules are substantially 
distorted from an octahedral configuration.*^ ^
Hie ^E ground term in tetragonal symmetry is expected to show a
o
5 91
relatively larger splitting than the T ^  term. It has been calculated
5 5that the separation of the E and B2 terms in tetragonal symmetry
g g
will be of the order of 2000 cm 1, while the ^B and A^, will be
xg Jg
separated by approximately 6500 cm-1. Octahedral distortion of this 
type is commonly found in copper(II) complexes where two ligands are 
much further from the metal ion than the other four. It was found 
that the anhydrous halides of chromium(ll) all have an essentially
Figure 20
Splitting of the spectroscopic term under 
(a) cubic field, (b) and (c) weak and strong 
tetragonal fields respectively
TABLE 11
Reflectance Spectral Results
Frequency of maxima (cm
Compound
[CrCNH3)6]CX.2 16.000 svb 17.300 svb
8500 m 9000 sh
8500 m
[Cr(NH3)6]Br2 15400 svb 15700 sb
7500 m 7700 m
[Cr(NH3)6]I2 15200 s 15400 s
7600 m 7800 m
[Cr(NH3) 5]C&2 17800 s 18200 s
13200 sh 14500 sh
11000 sh 11400 sh
[Cr(NH3) s]Br2 17500 s 18200 s
14800 sh
11300 sh
[Cr(NH3) 5]I2 17600 s 18100 s
12800 sh 14000 sh
11200 sh
[Cr(NH3) 2C£2] 14000 vb
11300 sh
17000 sh
14100 vb
11000 sh
17000 sh
TABLE 12 
Reflectance Spectral Results
Compound Frequency of maxima (cm 
R.T. L.N.T.
[Cr(NH3)2Br2] 13500 s 13700 s
17500 sh 17400 sh
9500 sh 9500 sh
[Cr.CNH3j2S0j 14000 vb 14000 s
11500 sh
9800 sh
[Cr(NH3)4*H20]S0i* 18000 vb 18400 vb
15000 sh
[Cr(CH3C02)2(NH3)]2 20000 s 20000 s
Cr(NH3) n (CH3COO) 2 17000 s 17000 s
TABLE 13 
Reflectance Spectral Results
Compound Frequency of maxima (cm
R.T. L.N.T.
[V(NH3)6]Br2 27200 sh 27600 sh
21200 vb 21500 vb
14600 m 15000 m
tetragonally-elongated octahedral arrangement of halide ions about
the chromium(II) ion. It has been reported that the compound Cr2F5
has both chromium(II) and chromium(III) ions in octahedral environments,
but the octahedra about the chromium(II) ions are distorted with four
92short and two long bonds.
The reflectance spectra of the ammine compounds prepared in this 
work (Tables 11 and 12 and Figs. 21-32) resemble those found for known 
tetragonally distorted chromium(II) compounds
Hexammines The compounds [Cr(NH3) 6]C&2, [Cr(NH3) 6]Br2 and
[Cr(NH3)6]l2 are unstable to loss of one molecule of ammonia. This is
apparently a result of Jahn-Teller distortion of the high-spin
configuration since the vanadium(II) compound (see later this chapter)
[V(NH3)6]Br2 (d3 configuration) in which distortion is not expected,
does not lose ammonia in a vacuum at room temperature. In confirmation,
although six identical ligands are present, the diffuse reflectance
spectra are as expected for tetragonally-distorted, octahedral
chromium(II) complexes. The d-d absorption bands occur at similar
frequencies to those of the tris (ethylenediamine]P^ and bis (diethylene- 
. . 94
triamine) complexes of chromium (I I), and the same assignments are made
i.e. the more intense higher frequency band to superimposed transitions 
5 5 5 5B -* B and B E (the main band), and the weaker band atig 2g lg g J9
ca 8000 cm”1 to the B^. -»■ transition (the distortion band). The
1g lg
very definite and rapid change from grey or pale greenish-grey to 
violet on the loss of ammonia to form the pentammines, which is 
reversed when ammonia at approximately one atmosphere is re-admitted, 
and the different reflectance and IR (section on IR) spectra 
of the latter, show that the chromium(II) complex contain the 
[Cr(NH3)6]2+ ion.
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Pentammines Compared with the hexammines, the most intense band in 
the diffuse reflectance spectra of [Cr(NH3) 5]C&2, [Cr(NH3) 5]Br2, and 
[Cr(NH3)5]l2 is at a considerably higher frequency (-18000 cm J) and 
there are two lower frequency bands resolved at low temperature 
(*-14500 cm"1 and 11200 cm"1) instead of one. Increased tetragonal 
distortion on the loss of a ligand, or replacement by a we alee r field 
ligand, has been found to lead to movement of bands to a higher 
frequency in other copper(II) and chromium(II) systems. Since the 
pentammine spectra are independent of halide it seems that the anions 
are not coordinated and ions [Cr(NH3) 5]2+ are present. The only known 
trigonal bipyramidal chromium(II) compound, [CrN(CH2CH2NMe2) 3C&]C£
in which the donor atoms would produce approximately the same ligand
95 - 1
field, has a different spectrum with an absorption band at 11000 cm
and a shoulder at 14500 cm"1. The presence of three bands in the
spectra of the pentammines therefore suggests a square pyramidal
structure (C ), and on this basis the assignments of these bands in
order of increasing frequency are: ^ig  ^  ^ig *^2g*
%  * sv
Diammines Halide- and sulphato-bridged structures for the complexes
[Cr(NH3) 2C&2], [Cr(NH3) 2Br2] , and [Cr(NH3) 2S0tf] are confirmed by the
reflectance spectra which are again typical of tetragonal, six-
coordinate chromium(II). Except for the appearance of a high frequency
shoulder at -17000 cm”1 the spectra are very similar to those of
3- [Cu(NH3) 2C&2] and 37 [Cu(NH3) 2]Br2 which have been assigned reversed
tetragonal structures with short Cu-N and long, but equal, Cu-X
bonds.^ A reversed tetragonal structure would mean that the
reflectance bands should be assigned, in order of increasing energy,
to the transitions : ^B , ^A *> ^E , and ^ A -*•% .
ig ig’ ig g’ ig 2g
Apparently, in the chromium(II) although not in the copper(II)
46compounds, inversion of the splitting pattern has allowed resolution
of a third band. This would suggest that in the spectra of the
copper(II) compounds, 3-[Cu(NH3) 2X2] , the band at the lowest frequency
(9600 cm x) should be assigned to the transition, and that
§ §
the A, Bn transition is unresolved within the more intense band 
§ §
at approximately 14200 cm 1 due to the ^A ->■ transition.
18 S
Reflectance Spectra of Chromium(II) Acetate-ammines
The reflectance spectra of [Cr(CH3C02) 2NH3] 2 is simple with one
absorption band at 20000 cm 1. This spectrum is quite similar to those
96of copper (II) and chromium (I I) acetate monohydrate spectra. But
interpretation of reflectance spectra of binuclear complexes is rather
97complicated. The nature of the Cu-Cu bond was studied by Figgis and 
co-workers and they said, "The bond is so weak that the configuration 
of the binuclear molecule can only be maintained by four bridging 
acetate* groups."
96The latest work by Dubicki and Martin on the visible spectra of
copper(II) and chromium(II) acetate monohydrate show that, by Gaussian
analysis, the broad band of chromium(II) acetate monohydrate is 
undoubtedly a composite of several bands. They considered that a 
plausible interpretation may be obtained by assuming that the 3d 
electrons are mainly localized on the chromium atoms, and are subjected 
to a weak ligand field and relatively weaker spin-spin perturbation by 
the electrons of the neighbouring chromium atoms.
The reflectance spectrum of Cr(NH3) iJ^ H3C00)2 resembles those of
copper (I I) tetrammines. The absorption band was at 17700 cm-1. This 
spectrum is quite similar to that of the [Cr(NH3) 4-f^ OjSOi* spectrum 
(see later this chapter).
Ammine Sulphates
The reflectance spectra of [Cr(NH3) ^ •H20]S0it and the pentammines 
are very similar so that an essentially square pyramidal structure . involving 
coordinated water or sulphate would be expected for this compound.
60
This has been confirmed since it is isomorphous, as found previously,
QO
with [Cu(NH3) 4«H20]S0 ,^ in which oxygen atoms from water molecules are 
2.59 and 3.37 S from planar Cu(NH3)i*2+ units. The reflectance spectrum 
has its strongest band at a frequency similar to that of the hydrated 
chromium(II) ion, suggesting that the structure comprises sulphato- 
bridged chains of metal ions with axially coordinated ammonia molecules.
Electronic Spectra of Hexamminevanadium(II) Bromide
The absorption spectra of the vanadium(II) ion in various complexes
19 99have been studied by several workers. 9
The quartet terms arising from the 3d3 configuration, and ^F, 
are split in an octahedral field as shown in Fig. 33. Thus, for
vanadium(II) in 0^ symmetry, three absorption bands are expected
4 4 4 4 ■ ■
corresponding to the transitions A -*■ T A ->» T (v2)
and 4A + 4T (P) v3.
2g ig
With vanadium(II) inMH2S0if two bands are observed, both with very
low extinction coefficients, at 11800 cm 1 and 17500 cm J. Assigning
4 4 .
the first band to the A -*■ T transition, the value of 10 Dq is2g 2g * n
11800 cm 1. The ^A -*■ ^ T transition is then calculated to occur at2g lg
18100 cm”1. The ^A •* ^ T (P) transition would be expected at
2g ig r
28500 cm”1. Because of charge transfer absorptions, this transition
has not been observed. In the crystal of VSOt*, 6H20 however, this
third transition is observed"^ at 28000 cm Balihausen and
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101Jorgensen studied the spectra of vanadium (I I) hexa-aqu© ions and 
concluded that the three spin-allowed transitions occurred at 12200, 
18020 and 26460 cm 1 respectively. Similar conclusions were drawn 
previously by Holmes and McClure. In later work by Larkworthy
and co-workers a broad weak shoulder was formed near 22500 cm 1 and it 
was reported that this might be due to a spin-forbidden transition.
As has been found for high-spin chromium(II) complexes, Jahn- 
Teller distortion can produce band broadening or splitting even with six 
equivalent ligands, but for vanadium(II), tetragonal distortion can only 
be produced by ligands with unequal donor strengths.
Reflectance spectra at room temperature and liquid-nitrogen- 
temperature of [V(NH3) 6]Br2 are given in Table 13 and Fig. 34. The 
reflectance spectra of this compound show three separate transitions 
at 27600, 21500, 15000 cm”1 which can be assigned to ^T (P),
o  o
^A ->■ ^T and ^A ^T respectively.2g ig 2g 2g 1
Infra-red Spectra
Infra-red spectra of solid ammines of transition metals have been
103 104the subject of several investigations. LeComte and co-workers
reported bands in the regions of 1500, 1200 and 800 cm 1. They
considered that the first two represent the frequencies of the internal
asymmetric and symmetric angle deformation vibrations of the ammonia
molecules, as modified by coordination with the metal atom
[S^CNH^ and (NH3) respectively]; the corresponding absorption
bands of ammonia itself occur near 1628 and 950 cm 1 in the gaseous
105state and at 1646 and 1060 cm 1 in the crystalline solid. LeComte 
and co-workers pointed out that the bands at ca. 800 cm 1 might be
assigned either to another angle deformation mode of the NH3 group 
or alternatively to a bond-stretching vibration (v M-N) of the heavy 
atom skeleton. They originally pointed out that the best way to 
distinguish between these alternatives is to study the spectra of 
the corresponding complexes with ND3 ligands.
106Mizushima and Nakagawa characterized the deformation vibrations 
of co-ordinated ammonia molecules in cobalt (III) ammines.
. Kobayashi and Fujita"^ investigated [Co(NH3)6]C£3, [Cr(NH3)6]C&3 
and [Ni(NH3) 6]C&2 and observed strong bands at about 3000 cm 1 for 
each complex, and reported that these might arise from N-H stretching 
vibrations. They also stated that on formation of the H 3N-metal bond, 
there was considerable shift to lower frequency of the N-H stretching 
vibrations inNH3. They considered that the more covalent was the
N-metal bond the lower was frequency of the N-H stretching vibration.
108Barrow and co-workers studied the infra-red spectra of a number of 
di-, tetra- and hexa-ammine complexes as solids in KBr discs. They 
analysed the spectra in terms of known assignments for similar methyl 
compounds, and generalized assignments were obtained for the metal- 
ammine complexes. They also reported that the assigned frequency 
region for a given type of vibration appears generally to be quite 
insensitive to the co-ordination number and the nature of the metal. 
They suggested that for any metal-ammine the absorption bands can be 
attributed to the N-H stretching at 3200-3300 cm 1, the anti-symmetric 
NH3 deformation at 1600 cm 1, the symmetric NH3 deformation at 
1200-1340 cm”1, the rocking mode at 600-900 cm 1 and the M-N stretching 
mode at 300-500 cm”1.
Infra-red spectra of all ammines prepared in this present work 
are given in Tables 14 and 15. The compounds [Cr(NH3)6]C£2,
[Cr(NH3) e]Br2 and [Cr(NH3)6]l2 all have strong bands at 3310 cm 1 
which arise from N-H stretching vibrations.
The N-H stretching bands are usually broader, and their frequencies 
lower than those of the free NH3 molecule.
The shift of these bands to lower frequencies might be considered 
an effect of coordination on the stretching vibration. In ammines, 
co-ordination occurs between the metal and the nitrogen atom of ammonia, 
but the vibrations of ammonia in ammine complex ions are perturbed not 
only by coordination but also by the counter ion.
Nakamoto'^ et al investigated the complexes [Co(NH3)6]X3 
(X = C&04, N03, I, Br, C&) and found that the perchlorate ion has no 
tendency to form a hydrogen bond of the N-H .... X type; and reported 
that the observed shift of N-H stretching frequencies of the perchlorate 
compared with those of free ammonia must be largely due to effect of 
coordination. Other ammines gave lower N-H stretching frequencies 
than the perchlorate.
Chromium(II)-ammine Halides
Nfoving from [Cr(NH3)2X2] to [Cr(NH3)6]X2 (where X = C£ , Br ), 
the bands corresponding to the symmetric deformation (6g(NH3)) shift to' 
lower frequencies. This suggests that this vibration has different 
characteristics in the Cr(NH3)22+, Cr(NH3)52+ and Cr(NH3)62+ units.
The NH3 asymmetric deformation frequency is sensitive to changes 
in the anion in pentammines of chromium(II) and increases in frequency 
from [Cr(NH3)5]l2 to [Cr(NH3)5]C&2.
Chromium(II)-ammine Sulphates
The absorption bands of [Cr(NH3) 4* ^ 0] S04 occur at the same 
frequency as those of Cu(NH3) ^ SOi^^O. The infra-red spectrum shows a 
broad, unsplit band (v3) at 1100 cm 1, indicating that the anion is 
not coordinated."^
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The C r C My^O^ spectrum is also similar to that of CuCMy^O^.
In the spectrum of the copper compound the triply degenerate v3 mode of 
the ionic sulphate group at 1110 cm 1 is split into three bands at 
1166, 1108 and 1050 cm 1 while the IR-forbidden Vi mode of the free 
ion appears strongly at 973 cnT1, and is consistent with a coordinated 
sulphate group of symmetry. From C2V symmetry of sulphate ion 
Hathaway concluded that two of the terminal oxygens are more strongly 
coordinated than the third of three required to coordinate in order 
to obtain a trigonal bipyramidal stereochemistiy for copper(II) ion.
He then suggested that it was not a regular trigonal bipyramidal 
stereochemistry which is present, and that the distortion may lie in 
the plane of the three oxygen atoms. As other studies in this work 
suggest, the structure of [Cr(NH3) 2S0iJ is not trigonal bipyramidal 
but polymeric with a distorted octahedral configuration around the 
metal ion (see next section).
Infra-red Spectrum of [Cr(CH3C02) 2 (NH3)] 2
The band at 1580 cm”1, which is rather sharp (Table 15),is due
to the antisymmetric vibration of the COO group. This is in agreement
with the position of the corresponding band found in [Cr(CH3C02) 2*H20] 2 
111by Nakamoto and co-workers.
The NH3 stretching band is at 3330 cm 1 ,but the NH3 deformation
TABLE 14
Infra-red Spectra (cm *) of Chromium(II) -Ammines 
and Hexamminevanadium (II) Bromide
Compound v(NH3) 6^(NH3) 6g(NH3) Pr(NHs)
[Cr(NH3)6]CJl2 3310 s 1600 s 1200 s 675 s
[Cr(NH3)6]Br2 3310 vs 1600 s 1207 vs 675 vs
[Cr(NH3)6]l2 3310 s 1600 m 1220 s 660 s
[V(NH3)6]Br2 3315 vs 1600 m 1185 vs 655 ms
[Cr(NH3)5]C£2 3300 s 1610 s 1235 s vb 710 s vb
[Cr(NH3)5]Br2 3300 s 1600 s 1235 s 700 s
[Cr(NH3)5]l2 3280 s 1595 s 1230 s 655 m

band expected at 1600 cm”1 has been obscured by antisymmetric vibration 
of the COO group.
The band at 475 cm 1is expected to correspond to the M-N stretelling
vibration as it is in the region assigned to such vibrations in many
109divalent metal-ammine complexes. Also the spectrum of this complex 
was compared with that of Cr2(CH3C02) 4*21120 and no absorption was 
observed at this frequency.
Infra-red Spectrum of Hexamminevanadium(II) Bromide
Four prominent bands are found in the spectrum of hexammine- 
vanadium(II) bromide. A strong band at 3315 cm 1 is assigned to the 
N-H stretching vibration, a weak and rather broad band at 1600 cm 1 
corresponds to the asymmetric deformation, a strong and sharp band at 
1185 cm 1 corresponds to the symmetric deformation, and finally a weak 
band at 655 cm 1 corresponds to rocking modes.
Compared with the spectra of the hexamminechromium(II) complexes, 
which have multiple bands at about 3310 cm”1, the N-H band of the 
hexamminevanadium(II) bromide has a single band at 3315 cm 1. There 
was little difference in the spectrum in other regions.
X-ray Powder Patterns and Structures
Structural similarities between the compounds of copper(II) and 
chromium(II) have been established from their powder photographs and 
X-ray structure d e t e r m i n a t i o n s . R e c o r d i n g  powder 
photographs of air-sensitive and unstable compounds provides useful 
structural information, especially if the structure of an isomorphous, 
air-stable -compound is known.
The X-ray powder patterns of [Cr(NH3) 6]X2 (X = C£, Br, I) are
similar to those reported for the corresponding copper(II)- 
37 38hexammines > (Tables 16-22). It has been possible to index the lines
of the chloride and bromide in terms of tetragonal unit cells with
dimensions close to those of the copper(II) compounds (Table 24)
although the departures from cubic symmetry are not large. The iodide
is essentially cubic; the copper(II) compound being variously reported
37 38as tetragonal or cubic. There is controversy 9 concerning the
nature of the copper (I I)-hexammines: some authors believe that these
contain the [Cu(NH3)6]2+ ion, while others believe that the hexammines
and pentammines have such similar unit cell dimensions, electronic, e.s.r.
and IR,spectra that the hexammines should be formulated as [Cu(NH3) 5,NH3] 2+.
The sixth ammonia molecule is not coordinated, but held in the lattice.
Our preparative and spectroscopic evidence, outlined earlier (section on
Reflectance Spectra), is that the sixth ammonia molecule is coordinated
in the chromium( 11) -hexammines. Additionally, the unit-cell dimensions of
the chromium( 11)-hexammines and pentammines, though similar, are not
identical (Table 24). Unlike the chromium (I I) compounds the copper (II)-
hexammines do not undergo obvious colour or spectral changes on the loss
of ammonia; it is therefore possible that although copper (I I)-hexammines
had been isolated, ammonia had been lost by the time measurements were
37completed in spite of the precautions taken.
The unit cell dimensions of these complexes show an increase 
I > Br r> C£ consistent with the increasing size of these anions in 
this order. .
X-ray powder photographs of the chromium (I I) -pentammines show them
to be isomorphous with the corresponding copper (I I)-pentammines which 
37are believed to be square pyramidal. The type of unit cell and its 
dimensions are _given in Table 24.
The powder photographs of the chromium(II) -hexammines and
pentammines are very similar, but the unit cell dimensions are greater
for the former. Since the loss of ammonia from the hexammines is
reversible and accompanied by changes in colour and reflectance spectra
it is supposed that the loss of ammonia from a long-bonded tetragonal
position leaving a square pyramidal cation has little effect on the unit
37cell dimensions. This seems no less likely than the suggestion that
the copper(II) -hexammines and pentammines have identical powder
photographs because the additional ammonia molecule occupies a position
along the side of the unit cell. The chromium(II)- and copper(II)-
diammines are isomorphous; their X-ray powder patterns have been indexed
44on the assumption of cubic unit cells. It has been stated that the
conrplex [Cu(NH3)2X2] with X either Br or C£ crystallizes in a cubic
system with a = 4.06 5 for the Br-compound, and a = 3.907 5 for the
C&-compound. The structure is described as a NHt+X-structure in which 
+
NH4 has been replaced by NH3 and the Cu atoms occupy the centres of
cube-faces. Each Cu-atom lies midway between two NH3 groups, whereas
each NH3 groups is attached to one Cu-atom only. All Cu-atoms and
2+
NH groups thus are present as complex ions Cu(NH3)2 with linear 
3
sp-hybridization. It has been found that Cu-N= 2.034 Cu-Br= 2.876 S.
46In later work on the electronic spectra of these complexes, it 
was suggested that they had reversed tetragonal structures with short 
Cu-N and long, but equal, Cu-X bonds. On the other hand, the reflectance 
spectra of [Cr(NH3) 2C£2] and. [Cr(NH3) 2Br2] except for shoulder at 
-17000 cm 1 are very similar to those corresponding copper(II)- 
diammines. Then on this basis we can assign the same structure to the 
diammine chromium(II) complexes. As magnetic and IR studies confirm, ’ 
this unit is bridged by means of halogen to another unit (Fig. 35b).
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Figure 35
The structure of tetramminecopper(II) sulphate monohydrate has 
98been confirmed to be isomorphous, as found previously, with 
[Cu(NH3) it-HaOjSOu, in which the structure consists of parallel layers 
formed by square planar Cu(NH3) 4 units and SO4 tetrahedra held 
together by H20 molecules. Copper atoms, which lie on symmetry planes 
have four nearest NH3 neighbours (Cu-N = 2.04-2.06 X) and two more H20 
neighbours (Cu-0 = 2.59 and 3.37 ^), which complete the distorted 
octahedral coordination group. Each SO 4 tetrahedron 
(S-0 = 1.40-1.43-1.46 X) has two oxygen atoms linked with hydrogen 
bonds to adjacent H20 molecules (OH ... 0 = 2.67 S).
The crystal structure of the diamminecopper(II) sulphate has 
not been reported. But IRj reflectance spectra and magnetic studies of 
[Cr(NH3) 2S0£f] confirm that it can be formulated as a six-coordinate 
species with a polymeric sulphato-bridged structure as shown in Fig. 36
Structure of Tetramminechromium(II) Acetate
Because of its easy loss of ammonia and air sensitivity, 
it was not possible to obtain an infra-red spectrum or X-ray powder 
photograph of this compound. This has made it difficult to assign 
a structure with any certainty to Cr(NH3)t*(CH3C02)2. Three possible 
structures are suggested and these are shown in Fig. 37.
Structure of Chromium(II) Acetate Monoammine
The magnetic behaviour and reflectance spectra of this conplex 
are quite similar to those of chromium(II) and copper (I I) acetate 
monohydrate.
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97Using a valence-bond approach, Figgis and Martin suggested that
the four oxygen atoms around each copper ion are coordinated, by
means of sp2d hybridization, leaving the 3d 2 2 orbital on the copper,x -y
singly occupied. Sideways overlap of the 3d 2 2 orbitals of twox -y
copper ions in the molecule could then lead to a weak covalent 6 bond 
which would account for the observed magnetic interaction.
113Ross has considered the problem more fully and arrived at
essentially the same conclusion. Forster‘S  and Ballhausen, on the
other hand, used a molecular orbital approach and concluded that cr bonds
between singly occupied 3dz2 orbitals of each copper ion were more
115likely. A similar treatment by Boudreaux however showed that the
existence of a 6 bond was at least equally feasible. Dimeric structures
of the copper(II) acetate type are characterised magnetically by a
strong exchange interaction (high value of J) as compared to
18magnetically dilute monomeric structures. The interaction in a 
polymeric structure, however, will depend on the precise nature of the 
structure, in particular on the Cu-Cu distances. The Cu-Cu bond 
energy in the binuclear compounds is less than 0.5 K cal.per gram atom 
of Cu while solvation energies are of the order of several K cal per 
mole. Thus solvation, or even a change in solvents, might easily 
disrupt a Cu-Cu bond. Indeed, in water, all copper carboxylates 
which were sufficiently soluble to allow measurement of susceptibilities, 
had moments of 1.90 to 1.95 BM, indicating complete disruption of the 
Cu-Cu bonds. Unlike copper acetate, chromium(II) acetate is only 
slightly soluble in water. Reaction of copper acetate with gaseous 
ammonia yields Cu(CH3C02) 2(NH3) 2, and shows that ammonia disrupts a 
Cu-Cu bond. The similar reaction with chromium(II) acetate yields a 
binuclear chromium(II) ammine which shows that the bond between Cr-Cr
116is stronger than that of Cu-Cu. King and co-workers, by measuring
the magnetic susceptibilities of solid Cr(CH3C02)2 and its monohydrate
reported that they contain no unpaired electrons. They suggested that
2 +
the four unpaired 3d electrons of the normal high-spin Cr ion are 
paired in these compounds, the three 3d orbitals thus made available 
being utilized in the formation of covalent bonds. The fourth covalent 
bond probably involves use of the 4s orbital of chromium. They said 
that this may constitute the first example of d3s bond hybridization 
postulated by Pauling.
X-ray studies have shown that both chromium(II) acetate monohydrate 
and copper(II) acetate monohydrate form a dimeric species in the solid 
state. The two chromium or copper atoms of the dimer are 2.36 A apart, 
and are bridged by four acetate groups. However, similarity between 
reflectance spectra, magnetic properties, and IR spectra of 
Cr2(CH3C02) ^ (NH3) 2 and Cr2(CH3C02) if(H20)2 shows that chromium(II) 
acetate monoammine should have the same structure as the hydrate 
(Fig. 5a, Table 25).
Vanadium(II) complexes are usually similar in structure to, or
19isomorphous with, the corresponding nickel(II) complexes. Thus it
is possible to obtain more details about the structure of vanadium(II)
complexes by comparing their X-ray powder patterns with those of the
analogous nickel(II) compounds of known structure. It is reported that
117the hexammine nickel(II) bromide is isomorphous with the hexammine- 
copper(II) bromide. On the other hand hexamminecopper(II) bromide is 
isomorphous with hexamminechromium(II) bromide so the X-ray powder 
patterns of hexamminechromium(II) bromide were compared with those of 
hexamminevanadium(II) bromide, and were almost identical powder 
patterns (although the intensity varied) (Table 23). Thus the same 
structure can be assigned to hexamminevanadium(II) bromide.
TABLE 16
[Cr(NH3)6] « 2
Line I Kkl Sin29obs Sin2ecalc 0
a vs 111 0.0166 0.0166 7.48
b vs 202 0.0455 0.0456 12.32
d s 320 0.0684 0.0683 15.16
e vs 401 0.0909 0.0902 ' 17.55
f vs 313 0.1074 0.1080 19.13
g s 510 0.1363 0.1367 21.67
h m 005 0.1533 0.1540 23.05
i s 404 0.1820 0.1826 25.25
k m 106 0.2278 0.2269 28.51
1 " w 640 0.2730 0.2735 31.50
m w 515 0.2906 0.2907 32.62
n w 642 0.3197 0.3192 34.43
0 vw 800 0.3364 0.3366 35.45
TABLE 17
[Cr(NH3)6]Br2
Line I hk£ Si* 2eobs Sin20calc 0
a vs 111 0.0157 0.0164 7.28
b w 200 0.0208 0.0208 8.37
c vs 202 0.0440 0.0448 12.11
d vw 103 0.0602 0.0592 14.20
e s 222 0.0655 0.0656 14.82
f vs 410 0.0871 0.0884 17.16
h vs 500 0.1308 0.1300 21.20
k m 522 0.1744 0.1748 24.68
1 w 541 0.2182 0.2192 27.85
m vw 603 0.2405 * 0.2412 29.36
0 m 416 0.3056 0.3047 33.56
TABLE 18
[Cr(NH3)6]l2
Line I hk£
S“ 20dbs Sdjl20cal 0
a m 111 0.0144 0.0144 6.96
b s 200 0.0195 0.0195 8.07
c vs 220 0.0394 0.0390 11.45
d s 311 0.0593 0.0578 14.10
e s 400 0.0789 0.0780 16.31
f m 420 0.0984 0.0976 18.28
g s 422 0.1170 0.0080 20.08
i ms 414 0.1580 0.1584 23.42
j w 610 0.1777 0.1805 24.93
k m 504 0.1971 0.1975 26.36
1 w 603 0.2176 0.2180 27.81
m vw 623 0.2370 0.2376 29.13
n m 307 0.2759 0.2757 31.68
TABLE 19
[Cr(NH3) 5]C{.2
Line I hk£ Sin2eobs ^ c a l c e
a vs 111 0.0170 0.0173 7.57
b vs 200 0.0218 0.0224 8.51
c w 002 0.0250 0.0244 9.10
d vs 202 0.0465 0.0468 12.45
e s 311 0.0632 0.0622 14.56
f s 222 0.0690 0.0692 15.33
h s 410 0.0945 0.0953 17.90
i w 331 0.1078 0.1070 19.16
j vw 421 0.1193 0.1183 20.21
k s 422 0.1386 0.1392 21.87
1 vw 333 0.1553 0.1558 23.21
TABLE 20
[Cr(NH3)5]Br2
Line I hk£ Sijl20obs Sin20 , calc 0
a s 111 0.0161 0.0162 7.36
b w 200 0.0208 0.0216 8.32
c vs 220 0.0439 0.0433 12.10
d s 222 0.0664 0.0650 14.93
d s 400 0.0848 0.0867 16.96
i m 422 0.1304 0.1300 21.17
i vw 620 0.2150 0.2167 27.63
1 vw 622 0.2383 0.2384 29.22
TABLE 21
[Cr(NH3)5]l2
Line I hk£ Sin2eobs Si* 20calc 0
a vw 111 0.0153 0.0153 7.18
b w 200 0.0203 0.0205 8.28
c vs 220 0.0411 0.0410 11.75
d s 222 0.0618 0.0615 14.43
e s 400 0.0815 0.0820 16.58
f s 422 0.1221 0.1231 20.45
TABLE 22
[Cr (NH3) 2a 2]
Line I hk£ S3jl20obs Sin20calc e
a w 100 0.0371 0.0374 11.15
b vs 110 0.0747 0.0748 15.87
c m H i 0.1122 0.1122 19.57
d s 200 0.1497 0.1496 22.77
e vs 211 0.2254 0.2244 28.34
[Cr(NH3)2Br2]
Line I hk£ S“ 20obs S“ 20calc e
a s 100 0.0348 0.0348 10.74
b vs 110 0.0691 0.697 15.25
c w 111 0.1046 0.1045 18.87
d w 200 0.1396 0.1394 21.94
e w 211 0.2092 0.2091 27.22
TABLE 23
[Cr(NH3)6]Br2 [V(NH3)6]Br2
l^ikS,
(degree)
dh U
$)
I eh3c«,
(degree) &
I
7.28 6.97 vs 7.28 6.97 w
8.3 7 6.08 w 8.36 6.08 W V
12.37 4.27 vs 12.02 4.30 m
14.20 3.64 vw 13.40 3.86 m
14.82 3.50 s - - -
17.16 3.03 vs 17.02 3.06 m
21.20 2.47 vs 21.05 2.49 w
24.68 2.14 m 24.00 2.20 w
- - - 24.62 1.92 vw
27.85 1.91 w 27.77 1.92 vw
TABLE 24
X-Ray Powder Data
Complex Unit Cell a(X) c$) c/'a
Cu . 
Compound
Cr(NH3) 6Cft2 tetragonal 10.63
(10.38)
9.82
(9.48)
0.924
ref 38
Cr(NH3)6Br2 tetragonal 10.70
(10.74)
9.91
(9.67)
0.926
ref 38
Cr(NH3)6I2 fee 10.96
(11.20) (10.29) ref 38
[Cr(NH3) 5]C£2 tetragonal 10.29
(10.29)
9.87
(9.37) ref 41
[Cr(NH3) 5]Br2 fee 10.45
(10.34) ref 41
[Cr(NH3) s]l2 fee 10.76
» (10.76) ref 41
[Cr(NH3)2a 2] fee 3.98
(3.91) ref 44
[Cr(NH3)2Br2] fee 4.13
* (4.07) ref 44
Values for copper (I I) compounds in parentheses.
TABLE 25
[Cr(CH:bC02) 2H20] 2 [Cr(CH3C02)2(NH3)]2
dh U I ®hk ‘W I
(degree) (8) (degree) &
6.36 6.96 vs 5.92 7.48 vs
7.10 6.23 s 7.07 6.26 s
7.63 5.81 s - - -
8.18 5.41 s 8.11 5.46 w
10.28 4.31 w - - -
10.85 4.09 w 11.06 4.01 m
11.56 3.80 vw - - -
12.48 3.58 s 12.30 3.62 vw
12.92 3.45 w 12.65 3.52 m
13.51 3.30 vw 13.11 3.40 vw
- - - 13.70 3.25 vw
- - - 14.17 3.15 w
14.41 3.09 w 14.42 3.09 vw
- - - 15.68 2.86 vw
17.60 2.55 vw 17.46 2.57 w
- - ■ - ■ 17.75 2.53 w
18.78 2.39 m 18.92 2.38 m
19.20 2.34 m - - -
19.58 2.30 s 19.85 2.27 m
CHAPTER L\
COMPLEXES OF HETEROCYCLIC BASES WITH 
CHROMIUM(II) SALTS
Introduction
The bonding of imidazole with transition metal ions is of interest
because of the presence of imidazole groups along protein chains which
118 119involve histidine residues. 9 Free energy data indicate that
imidazole forms some of the most stable complexes of all heterocyclic 
N-donor ligands. Knowledge of the co-ordinating properties of imidazole 
is therefore necessary to understand more fully the role of metal ions 
in such systems. Imidazole is a mono-acidic base having the ability to 
form salts with acids. The basic nature of imidazole is due to the 
ability of the pyridine nitrogen to accept a proton, and its structure 
resembles that of pyridine.
Imidazole will also act as an acid: it dissolves in liquid 
ammonia forming a clear solution from which it is regenerated on 
evaporation of the solvent, and the addition of metals or of metal 
amides to such a solution results in salt formation. The sodium,
120
potassitim, calcium, and magnesium salts are obtained in this way.
Several studies have been made on the complexes of imidazole with
121 122transition metals, some of which have been known since 1877. 9
The zinc-imidazole systems, used as models for zinc-protein
123interaction, have provided detailed information regarding tetrahedral 
124and octahedral zinc co-ordination. No investigation had been made
on complexes of chromium(II) with imidazole when the present work began,
15but very recently Mani and Scapacci synthesized Cr(iz)l|C£2 and,
Cr(iz) i,Br2 along with chromium(II) complexes of pyrazole and 
N-methylimidazole, and reported that these complexes were high-spin with 
tetragonally-distorted octahedral structures. Because of the similarity
between copper(II) and chromium(II) chemistry it is relevant to consider 
briefly some copper(II)-imidazole complexes.
125Goodgame and co-workers isolated a number of complexes of 
imidazole with bivalent metal ions and they reported that the complexes 
of the type Cu(iz)4X2 (X = CJi, Br, I, N03), and Cu(iz)6X2 (X = I, N03) 
were tetragonally-distorted octahedral complexes. They also made the 
complexes M(iz)2(N03)2 (M = Cu, Zn, Co) , and suggested that the complex 
Co(iz)2(N03)2 was six-coordinate with chelating nitrate groups.
126The structure of Cu(iz)i*I2 is essentially square planar, with
two quite distant iodide ions (3.42 X and 3.87 X) completing a very
distorted octahedron. In this complex the Cu-N distances are in the 
o
range 1.98-2.04 A and the orientation of the imidazole rings is such 
as to allow maximum m-bonding and also least interference between the 
rings.
127Lundberg reported that in the complex Cu(iz)ifS0£t co-ordination 
around the copper was a distorted octahedron, and the ligand atoms were 
four imidazole nitrogens and two sulphate oxygens, the Cu(iz)^ ions 
being linked by bidentate SO^2 bridges. The bond distances were 
Cu-N, 2.000 X and 2'.021 X, and Cu-0, 2.574 X. He suggested that the 
short atomic contacts between sulphate oxygens and imidazole nitrogens 
correspond to reasonable hydrogen-bond lengths (2.707, 3.020, 3.153 X) .
128Recent work on Cu(iz) 6 (N03) 2 by McFadden et al, indicates this 
complex is distorted octahedral with Cu-N bond lengths of 2.012(2), 
2.049(2) and 2.593(3) X. In this complex the nitrate ions bridge the 
conplex cations through N-H....0 hydrogen bonds.
129Eilbeck and co-workers investigated spectral and magnetic 
properties of the complexes of the type Cu(iz)ttX2 (X = 01 or N03) and
suggested a distorted octahedral structure for these complexes.
In bis (imidazole) copper (I I), which contains imidazole anions, the 
geometry about one type of copper ion is nearly a square plane formed 
by the nitrogen atoms of four imidazole molecules. All the imidazole 
molecules form bridges to the neighbouring copper atom, to which 
co-ordinates the second imidazole nitrogen atom forming an infinite 
network. The co-ordination about the other type of copper in this 
structure is considerably distorted from square planar towards
127 130tetrahedral. The copper(II)-imidazole structures investigated so far, 9 
have copper-nitrogen bond lengths which vary considerably from 1.95 to
2.06 R.
Similarly, pyridine also forms a number of complexes with chromium(II)
salts, particularly the simple halides. Complexes of the formulae,
131Cr(py)2C&2 and Cr(py)2Br2 were first prepared by Gill and co-workers, 
who assigned a tetrahedral stereochemistry to them. The complexes 
Cr(py)2C£2, Cr(py)2(H20)2Br2,Cr(py)2(H20)2I2 and Cr(py)tfI2 were prepared
1 ^ O
and reported 0 to be tetragonally-distorted octahedral complexes. Holah 
133and Fackler  ^ also prepared chromium(II) halide complexes with pyridine,
and reported that they were isomorphous with with the corresponding
132 133distorted octahedral copper(II) complexes. Later work 9. seems to
131show that the conclusion of Gill et al is incorrect.
Fackler and Holah also obtained green Cr(py)6I2 by the reaction of 
brown Cr(py)4I2 with excess pyridine and recrystallized it from a 
mixture of ethanol and pyridine. These authors failed to obtain Cr(py)2I2 
by thermogravimetric analysis of Cr(py)6I2. They reported that Cr(py)6l2 
showed a clear break when four pyridine molecules had been lost at 150°C.
They concluded that after the loss of four pyridine molecules, 
decomposition occurred. This iodide system has been re-investigated in
the present work in the hope of obtaining a tetrahedral chromium (I I) 
complex since iodide is a large ion which does not form bridges as 
readily as chloride or bromide.
17Khamar obtained two kinds of complex of methyl-substituted and 
halogen-substituted pyridines with the chromium(II) ion: mononuclear 
complexes, ML 1^ 2, where L = ligand and X = halide and polynuclear 
complexes, ML2X2. The tetrakis-complexes contained normal high-spin 
chromium(II) while the bis-complexes were halide-bridged, polynuclear 
compounds in which antiferromagnetic interactions occurred. He suggested 
that the complexes Cr(3-bromopyridine)2I2, Cr(3-iodopyridine)2I2 and 
Cr(3,5-dichloropyridine) 2I2 were the first chromium(II) complexes in 
which iodide acted as a bridging group. Reflectance spectra showed that 
these complexes had distorted octahedral structures.
Complexes [Cr(HC02) 2py] 2^ ^  and [Cr(CH3C02)py] 2^ ^  were reported
long ago, the pyridines in these complexes probably occupying the same
position as water in the well-known compound [Cr(CH3C02)2H20]2.
♦
136Some complexes of pyridine with chromium(II)-phthalocyanine and
137bis(benzoylacetonato)chromium(II) have also been reported.
EXPERIMENTAL
All preparations and measurements were carried out under nitrogen 
using apparatus described in Chapter 2. The compounds were dried by 
continuous pumping.
1. Dichlorotetrakis (imidazole) diromium(II)
An excess of imidazole (2.18 g) was dissolved in warm absolute 
ethanol (10 cm3), and added to a solution of chromium(II) chloride 
tetrahydrate (1.30 g) in deoxygenated absolute ethanol (20 cm3). 
Violet-purple crystals separated after the vessel had been shaken for 
about five minutes. The crystals were filtered off, washed with 
deoxygenated absolute ethanol and dried for three hours under vacuum.
On exposure to air the dry compound turned light brown. This compound 
was soluble in hot ethanol.
Calculated for Cr(C3Hi*N2)ifC£2: Cr, 13.15 ; C, 36.47 ;
H, 4.08 ; N, 28.35%
Found: Cr, 12.73 ; C, 36.26 ;
H, 4.01 ; N, 28.39%
27 Dibromotetrakis (imidazole) chromium(II)
An excess of imidazole (4.22 g) was dissolved in warm absolute 
ethanol (10 cm3) and added to a solution of chromium(II) bromide 
hexahydrate (3.72 g) in deoxygenated absolute ethanol (25 cm3). Pale 
purple crystals separated after the vessel was shaken for about five 
minutes. The crystals were filtered off, washed with deoxygenated 
absolute ethanol and dried for three hours under vacuum. This compound 
turned greenish-brown on exposure to air.
Calculated for Cr(C3HitN2)t*Br2: Cr, 10.74 ; C, 29.77 ;
H, 3.33 ; N, 23.141
Found: Cr, 10.53 ; C, 29.89 ;
H, 3.38 ; N, 23.09i
3. Diiodotetrakis (imidazole) chromium(I I)
An excess of imidazole (5.20 g) was dissolved in warm absolute 
ethanol (15 cm3) and added to a solution of chromium(II) iodide 
hexahydrate (3.72 g) in deoxygenated absolute ethanol (25 cm3).
Violet crystals separated after the vessel had been shaken for about 
five minutes. The crystals were filtered off, washed with deoxygenated 
absolute ethanol, and dried for three hours under vacuum. The crystals 
were placed in tubes which were sealed off under vacuum. On exposure 
to air the solid quickly turned reddish-brown.
Calculated for Cr(C3H4N2) i*I2: Cr, 8.99 ; C, 24.93
H, 2.78 ; N, 19.38'
•
Found: Cr, 8.85 ; c, 24.85
H, 2.76 ; N, 19.31'
4. Tetrakis(imidazole)chromium(II) sulphate
An excess of imidazole (3.58 g) was dissolved in warm absolute 
ethanol (15 cm3) and added to a suspension of hydrated chromium(II) 
sulphate (1.17 g) in deoxygenated absolute ethanol (15 cm3). Bluish- 
violet crystals separated after the vessel had been shaken for about 
five minutes. The crystals were filtered off, washed with deoxygenated 
absolute ethanol and dried for three hours under vacuum.
Calculated for Cr(C3HliN2)itS04: Cr, 12.37 ; C, 34.29 ;
H, 3.83 ; N, 26.65% 
Found: Cr, 12.57 ; C, 34.28 ;
H, 3.80 ; N, 26.661
5. Diiodobis (pyridine) chromium(I I)
This complex was obtained by careful decomposition of diiodotetrakis -
133
(pyridine)chromium(II) which had been prepared as before. The brown 
diiodotetrakis (pyridine) chromium (I I) (2.55 g) was heated in an oil bath 
under continuous pumping for two hours at 180-190°C; the colour changed 
to light green. A thermogram of the tetrakis-compound showed a definite 
break at 204°C corresponding to the loss of two pyridine molecules. The 
product, which was very sensitive to air, was then collected in tubes and 
sealed in vacuum. Immediately after exposure to air it turned almost black.
Calculated for Cr(C5H6N)2I2: Cr, 11.20 ; C, 25.86 ;
H, 2.16 ; N, 6.031
Found: Cr, 11.20 ; C, 25.33 ;
H, 2.40 ; N, 5.81%
6, Other Preparative Studies
Only complexes of the type Cr(iz)ltX2 (X = C&, Br, I, SOiJ were
obtained from ethanolic solutions in experiments carried out at room
temperature even when the ratio of imidazole to chromium was greater than
6 : 1 or much less than 2 : 1 .  This behaviour is similar to that of the
125copper (I I)-imidazole halides, and in contrast with that of pyridine 
which tends to form 2 : 1 complexes with chromium(II) halides (except 
iodide).
The copper(II) complex Cu(iz)6I2 crystallised on standing overnight
at 0°C from a solution prepared by dissolving Cu(iz) 4I2 in a minimum of 
ethanol containing a 3:1 molar excess of imidazole. Attempts to prepare 
a similar chromium(II) by the same method were unsuccessful. Also when 
ethanolic solutions of imidazole and chromium(II) acetate were mixed no 
crystals appeared. After concentration to less than half volume and 
the addition of ether, pink crystals separated. These may be an imidazole 
adduct but they were not investigated further.
Attempts were also made to prepare a bis (imidazole) chromium (I I) 
complex by mixing liquid ammonia containing suspended Cr(iz)ttI2 and an 
excess of imidazole dissolved in a minimum of ethanol. When the liquid 
ammonia and the ethanol were evaporated a pink product, different in 
appearance from Cr(iz) 4I, separated. Analyses did not fit any sensible 
formula, but in any case they are not very useful as the solid was not 
obtained by crystallisation.
1 Cr % C % H % N
Calculated for Cr(iz)6l2* 7.20 30.24 3.36 20.72
Calculated for Cr(iz)i*I: 11.52 31.90 3.54 24.81
Calculated for Cr(iz)3IC2H5OH: 12.10 30.75 4.19 19.56
Found: 11.60 30.85 3.56 21.28
By assuming a molecular weight of 519.40 based on the chromium analysis, 
magnetic moments of 4.55 and 4.32 BM were found at room and liquid 
nitrogen temperatures. Thus the product seems to contain a considerable 
amount of chromium(II). Also, the infra-red spectrum of this compound 
showed no bands which could be due to ammonia. Further work is 
necessary to establish the nature of the product.
7. Preparation of Copper(II) Compounds
The copper(II) compounds were prepared from ethanolic solution
below:
Compound Analyses
% C % H % N
Cu(iz)i*C&2 Calculated: 35.43 3.96 27.55
Found: 35.23 3.93 27.34
Cu(iz)ifBr2 Calculated: 29.08 3.25 22.60
Found: 29.29 3.38 22.32
Cu(iz)4I2 Calculated: 24.44 2.73 19.00
Found 26.30 2.92 20.17
Cu(iz)4S04 Calculated: 33.37 3.73 25.94
Found: 33.30 3.70 25.90
RESULTS AND DISCUSSION
Magnetic Results
The magnetic results are given in Tables 26-28 and Figures 38-40.
The chloro-, bromo-, iodo- and sulphato-complexes of imidazole with 
bivalent chromium obeyed the Curie law (0 = 0°). Their magnetic moments 
are slightly below the spin-only value of 4.9 EM-expected for magnetically- 
normal, high-spin chromium(II) complexes. The value of 10 Dq obtained 
from the reflectance spectra is about 19000 cm 1 for imidazole. By 
putting this value into the formula which has been given earlier 
(Magnetic Results, Chapter 3), a value of V = 4.89 BM was obtained, in
V
agreement with the experiment. The absence of antiferromagnetic 
interaction suggests that these complexes are monomeric octahedral 
conpounds.
Diiodobis (pyridine) chromium(I I) has a slightly lower magnetic 
moment at room temperature (4.76 BM) which decreased slightly when the 
temperature was lowered, reaching 4.62 BM at liquid nitrogen temperature. 
Thus, it shows a small variation in the magnetic moment and therefore 
obeys the Curie-Weiss law with 0 = 11° (Figure 40). This suggests that 
the complex has a halogen-bridged polymeric structure. A higher 
magnetic moment because of orbital contribution would be expected for a 
tetrahedral chromium(II) compound.
TABLE 26
Compound T(°K) 106xA 10_2XA_1 Ue (BM)
Cr(iz).,CS,2 294.8 10110 0.989 4.88
263.5 11220 0.891 4.85
230.41 12800 0.781 4.85
198.2 14820 0.674 4.84
166.2 17770 0.562 4.85
135.2 22020 0.454 4.87
103.7 28750 0.347 4.88
6 = 0° 89.4 33150 0.301 4.86
(diamagnetic correction = -139 x 10 c.g.s.u.)
Cr(iz)i,Br2 296.0 9900 1.00 4.84
263.0 11040 0.905 4.81
230.4 12670 0.789 4.83
198.2 14790 0.676 4.84
166.2 18150 0.551 4.87
135.2 22010 0.454 4.87
103.7 28710 0.348 4.87
e = 0° 89.4 33260 0.300 4.87
M g
(diamagnetic correction = -162 x 10 c.g.s.u.)
TABLE 27
Compound T(°K) 106XA 10“2xA_1 Pe (BM)
Cr(iz).,l2 294.8 9600 1.041 4.75
263.5 10930 0.915 4.79
230.4 124410 0.806 4.78
198.2 14400 0.694 4.77
166.2 17250 0.579 4.78
135.2 21280 0.469 4.79
103.7 27690 0.361 4.79
0 = 0 °  89.4 31910 0.313 4.77
(diamagnetic correction = -194 x 10 6 c.g.s.u.)
Cr(iz)4S04 295.0 9640 1.037 4.77
263.0 10950 0.913 4.79
230.4 12480 0.801 4.79
198.2 14500 0.689 4.79
166.2 17240 0.580 4.78
135.2 21150 0.472 4.78
103.7 27540 0.363 4.77
6 = 0° 89.4 31590 0.316 4.75
(diamagnetic correction = -133 x 10 6 c.g.s.u.)
TABLE 28
Compound T(°K) 1C>6xA 10*"2xA_1 he(BM)
Cr(py)2I2 294.8 9640 1.030 4.76
263.5 10850 0.921 4.78
230.4 12380 0.807 4.77
198.2 14250 0.701 4.75
166.2 16730 0.597 4.71
135.2 20550 0.486 4.71
103.7 26330 0.379 4.67
0 = 11° 89.4 29920 0.334 4.62
(diamagnetic correction = -202 x 10 6 c.g.s.u.)
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Reflectance Spectra
The reflectance spectra obtained at room and liquid nitrogen
temperatures are shown in Table 29. Figures 41-45 show spectra obtained
at liquid nitrogen temperature only as these were better resolved. The
94spectra of all these compounds resemble those found for tetragonally-
distorted chromium(II) compounds. As mentioned previously, for a
tetragonally-distorted chromium(II) complex, three visible and near
infra-red absorption bands are expected corresponding to the spin-allowed
transitions: ^B and ^B ^E (Chapter 3, Fig. 20).
ig ig* ig 2g ig g .
The complexes Cr(iz)4C£2 and. Cr(iz)4S0t exhibit a broad band in
their spectra at 17800 cm 19 which is assigned to the superinrposition of
5 5 5 5the B, -> E and B B transitions (the main band), and a lower 
1g g ig 2g J9
frequency band at about 13000 cm 1, which is assigned to the ^  ■+
transition (the distortion band).
The bromo- and iodo- complexes similarly show two spin-allowed d-d
transitions, but at higher frequencies, the main and distortion bands of
these complexes occurring at about 20000 and 17000 cnf1 respectively.
The same assignments can be made for these complexes. Generally the
spectra of imidazole complexes are consistent with a structure similar
138to that found for Cu(2-methylimidazole) H(N03) 2, in which imidazole 
ligands lie in the xy-plane, with the anions weakly co-ordinated above 
and below, completing the distorted octahedral structure.
Diiodobis(pyridine)chromium(II) also has a strong band in its
spectrum around 13500 cm-1, which is assigned to the superimposition of
5 5 5 5the B E and B B transitions, and a shoulder at about 
ig g ig 2g *
10500 cm-1, which is assigned to the ^B^ -> transition. The shape 
and position of the absorption bands observed for this complex suggests
TABLE 29
Reflectance Spectral Results
' j Frequency of maxima (cm”1)Compound J v J
R.T. L.N.T.
Cr(iz)4C£2 17500 vb 17800 b
13000 sh 13200 sh
Cr(iz)4Br2 19300 vb 20000 sb
16400 sh 17200 sh
Cr(iz)lfI2 19000 vb 20000 sb
17000 sh 17400 sh
Cr(iz) i^SOtt 17200 . vb 17800 b
12400 sh 13000 sh
Cr(py)2?2 13200 sb 13700 sb
10800 sh 10400 sh
Re
fl
ec
ta
nc
e 
sp
ec
tr
a 
of 
Cr
fi
z^
CJ
t
rH
OO
4->
CO
• •
jO O
*cro
Re
fl
ec
ta
nc
e 
sp
ec
tr
a 
of 
Cr
(i
z)
if
Br
2
oo
rH
OO
• •
o  o
•cro
rH
u
mto
oo
oo
• •
-O O
•CTO
Re
fl
ec
ta
nc
e 
sp
ec
tr
a 
of 
C
r
C
i
z
^
S
O
rH
rH
4->
00
OO I
— i— I O
rH
X
7>
O
*(3*0
rH
LO
rHm
CO
CO
o
•a-o
01 
X 
Ci
a tetragonally distorted six co-ordinate structure produced by 
polymerisation, in agreement with the magnetic results.
Infra-Red Spectra
The infra-red spectra of the imidazole complexes are all similar. 
Imidazole itself does not absorb in the region 200-600 cm”1.
The complexes Cr(iz)itC£2> Cr(iz)i*Br2, Cr(iz)itl2 and Cr(iz)itSOtf
-1 1 ?Q
have an absorption band at about 310-330 cm (Table 30). Eilbeck
and co-workers assigned a band at about 286-292 cm”1 to the M-N
vibration mode in the copper(II) complexes of the type Cu(iz)i*X2
125(X = Cl, Br, N03), and Goodgame et al suggested that in complexes of
the type Cu(iz) t*X2 the anions are co-ordinated, but that the Cu-X bands
occurred below 200 cm l. This suggests that bands at about 310-330 cm"’1
in the chromium(II) complexes are the metal-nitrogen stretching
vibrations. In the complex Cr(iz) i+SO^ , the band corresponding to the
2—
degenerate vibration, v3 of the ionic S0k group, is apparently split
into three components in the spectrum of this compound. This would
110suggest that it contains bidentate sulphate; but the presence of 
ligand absorptions in this region in the spectra of the chloride, 
bromide, and iodide makes this deduction uncertain. However, the 
reflectance spectra and X-ray powder studies (see later) show that the 
.sulphate is co-ordinated.
The imidazole complexes of the present work have Cr-N absorption
15bands which agree with those of Mani and Scapacci. But no discrete 
absorption band, only broad absorption, was observed about 3000 cm 1 
although these authors reported bands at 3220 s, br for [Cr(iz)4C&2] 
and at 3180 s, br for [Cr(iz) i*Br2]. The imidazole complexes also show
TABLE 30
Compound v(Cr-N)
Cr(iz)4C&2 330 w-m 310 m 235 m
Cr(iz)itBr2 330 vs 250 s
Cr(iz) iil2 320 m,b 245 w
Cr(iz)ltSOtf 320 m,b 230 m,b 1150 m 1100 m 1060 nr 
975
Cr(py)2l2 275 m,b
(a) Possibly components of v3 sulphate vibration, but some ligand 
bands occur here.
(b) Vi sulphate absorption.
bands in the range 235-250 cm 1 which could be due to (N-Cr-N) 
deformations.
139Clark and Williams have carried out an extensive far infra-red 
study on metal-pyridine complexes. They reported that M-N vibrations 
occurred for different transition metals at about 219-287 cm 1. Thus 
a band at 275 cm 1 in the spectrum of Cr(py)2I2 can be assigned to the 
M-N stretching vibration.
X-ray Powder Patterns and Structures
Powder patterns of the complexes Cr(iz)i*Br2 and Cu(iz)i*Br2 have 
been recorded and d-spacings for the first eighteen lines are shown 
in Table 31. The data show7 that these complexes are isomorphous. Also 
the powder patterns of Cr(iz)4C&2 and Cr(iz)ttI2 are similar to those of 
the corresponding copper(II) complexes. Thus they have similar
126structures (Tables 32 and 33). A crystal structure has been reported 
only for Cu(iz)4I2 (Figure 46(a)). This complex has imidazole ligands 
in the xy-plane, with anions co-ordinated above and below. Thus the 
same structure can be assigned to the Cr(iz)4C£2, Cr(iz)i*Br2 and 
Cr(iz) 1*12 complexes.
The data obtained from X-ray powder photography also show that
Cr(iz) ifS0it and Cu(iz) ifSCU are isomorphous (Table 34), and both have
the structure shown in Figure 47. The complex Cu(py)2I2 has not been
reported so comparison of its powder pattern with that of the
corresponding chromium(II) complex was not possible, but it is probable
that it has a structure similar to those of the complexes M(py)2C&2 and
133M(py)2Br2 (M = Cu, Cr) which consist basically of trans-planar 
M(py)2X2 (X = Cl, Br) units connected together in such a way that each 
copper(II) or chromium(II) atom has halides from adjacent M(py)2X2 
units co-ordinated at the axial positions (Figure 46(b)).
TABLE 31
Cr(iz)i1Br2 CuCiz^Bra
ehk£ dhkS> T ehk«. T
(degree) (A)
±
(degree) eft
1
5.96 7.42 m
6.95 6.37 m
7.51 5.90 m
10.46 4.24 m
11.58 3.84 vw
11.93 3.73 vs
12.27 3.63 vs
12.91 3.45 vw
13.72 5.25 vw
14.48 3.08 w w
15.21 2.94 s
15.87 2.81 w
16.66 2.68 in
17.58 2.55 s
19.21 2.34 w
19.77 2.27 vw
20.81 2.16 vw
5.92 7.47 w
7.03 6.29 vs
7.58 5.85 vw
10.36 4.27 m
11.85 3.75 vs
12.65 3.52 vs
12.98 3.44 w w
13.93 3.20 w
14.28 3.12 w
15.47 2.89 s
15.92 2.81 w
16.71 2.68 m
17.57 2.55 s
19.38 2.32 s
20.38 2.21 w
21.03 2.14 w
TABLE 32
Cr(iz)ltC£2 Cu(iz) 0^^2
0h U
(degree)
dhkJl
(ft
I ®hk£
(degree)
(W
(ft
I
6.25 7.08 m 5.90 7.50 s
6.73 6.58 s 6.55 6.76 s
7.17 6.17 s
8.30 5.33 s
8.77 5.05 m 8.85 5.01 w
10.16 4.39 m 10.53 4.22 s
11.34 3.90 s 11.17 3.97 s
11.91 3.73 m 11.95 3.72 vs
12.42 3.58 m 12.77 3.49 vs
12.73 3.49 vw
13.07 3.41 s
13.41 3.31 w 13.71 3.25 vw
14.60 3.06 vw 14.27 3.12 m
15.08 2.96 vw
15.58 2.86 vw 15.61 2.86 m
16.61 2.68 vw 16.33 2.74 w
TABLE 33
Cr(iz)itI2 Cr(iz) tfl 2
0hkJ>
(degree)
dh M
(S)
I : 6hkJl 
(degree)
dhkl
$)
I
5.76 7.68 5.40 8.19 s
6.83 6.48 m 6.40 6.92 s
7.17 6.17 s
7.90 5.02 s
8.52 5.20 w
10.08 4.40 w 9.90 4.48 s
11.11 4.00 w 10.97 4.05 vs
11.60 3.83 s 11.38 3.90 vs
12.06 3.69 s 12.33 3.62 s
13.50 3.30 w w 13.77 2.22 s
14.71 3.03 w 14.45 3.08 s
15.11 2.96 w 14.96 2.99 s
15.40 2.90 w 16.03 2.79 w
16.52 2.71 w 16.73 2.67 w
16.95 2.64 m 16.70 2.53 m
17.38 2.58 w w
18.52 2.42 w 18.51 2.42 m
TABLE 34
Cr(iz) ijSOtt Cu(iz) 4SO4
eMd>
(degree)
l^ik£
$)
I eM a
(degree)
h^k£,
(X)
I
4.96 8.91 vs 4.96 8.91 vs
5.41 8.18 w 5.42 8.16 w
6.53 6.78 vs 6.66 6.65 vs
7.05 6.32 s 7.03 6.63 s
9.68 4.58 m 9.82 4.51 m
10.31 4.30 vs 10.26 4.33 vs
10.86 4.09 w 10.91 4.07 w
11.06 4.03 vs 11.48 3.88 vs
11.88 3.74 w 11.87 3.74 w
12.53 3.55 w 12.52 3.52 m
13.13 3.39 m 13.35 3.33 m
14.12 3.15 m 14.13 3.15 s
15.08 2.98 vw 15.36 2.91 vw
15.83 2.83 w 15.71 2.85 w
16.58 2.70 vw 16.26 2.75 vw
17.33 2.59 vw 16.80 2.67 m
17.78 2.52 vw 17.52 2.52 w
18.28 2.46 vw 18.23 2.46 w
2.04
X
Cr
Cr
X
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CHAPTER 5
COMPLEXES OF CHROMIUM(II) 
WITH AMINO-ACIDS
Introduction
The reaction of transition metal ions with amino-acids is of 
considerable interest. It is well-known that amino-acids act as 
negatively charged chelating ligands towards metal ions, coordinating 
through groups such as -NH2, -NH, -C02~, -S or -SMe.
McAuliffe, Quagliano and Vallarino^^ isolated a number of complexes
of DL-methionine with bivalent and trivalent metal ions. From infra-red
spectral data the authors concluded that in the complexes M(mth) 3
(M = Ail, Cr, Fe, Rh, Bi) the ligand was coordinated through the nitrogen
and carboxyl oxygen atoms and that the complexes M(mth)2 (M = Mi, Co, Ni,
Cu, Zn, Cd, Hg, Pb) were octahedral polymeric with carboxylato-bridges
so that the ligand coordinated to one metal ion via the nitrogen atom and
one oxygen atom of carboxyl group and to a neighbouring metal ion via the
141other oxygen atom of the carboxyl group. In another study McAuliffe 
reported that the infra-red spectra of Pd(mthH)Cil2 and Pt(mthH)Cil2 
indicate that in these complexes methionine is coordinated through the 
nitrogen and sulphur atoms, and the compounds have a polymeric structure 
due to intermolecular hydrogen bonding between the free carboxylic acid 
residues.
Livingstone and Nolan‘S  also prepared complexes of DL-ethionine 
(ethH), and S-methyl-L-cysteine(SmcH), with some bivalent metals. They 
concluded that there were four types of complex:
(a) ML2 (L = eth, Smc; M = Mi, Co, Ni, Cu, Zn, Cd), which were 
polymeric with carboxyl bridges, with the metal atom six- 
coordinate and the amino-acid bound to one metal atom via the 
nitrogen and one oxygen, and to another metal atom via the 
second oxygen.
(b) M(LH)X2 (M = Pd, pt; X = C&, Br), in which the amino-acid 
was bound to the four-coordinate metal atom via the nitrogen 
and sulphur atoms only.
(c) [Hg(etfiH)2](«.0,,).H20, in which the ethionine was possibly 
bound via the nitrogen only.
(d) [AgCu(Smc) 2]NO3, in which the amino-acid residue was 
coordinated to the copper via nitrogen and oxygen atoms and 
silver via the sulphur atoms.
The results of McAuliffe and co-workers'^*"^ and Livingstone and 
142Nolan lead to the conclusion that the donor properties of 
DL-methionine and S-methyl-L-cysteine are very similar.
An X-ray structural determination of bis(methioninato)copper(II) 
showed tliat the complex'^ had a distorted octahedral structure around 
the copper(II) ion. One oxygen atom of the carboxylate group and the 
amino-nitrogen atom are bonded to the copper (I I) ion in an almost 
square planar configuration, the octahedral coordination being completed 
by a long copper-oxygen bond (2.713 X) to the other carboxylate oxygen. 
There was no sulphur-metal interaction since the rest of the amino-acid 
lined away from the central metal atom.
However, although coordination complexes of amino-acids with 
transition metal ions have been extensively studied, relatively little 
work has been reported for chromium(II) complexes of these ligands. 
Bis(glycinato)chromium(II) was first prepared by Lux et al,^ by 
reaction of hydrated chromium(II) sulphate with sodium glycinate in
144
water, but few investigations were carried out on it. In an attempt 
to prepare chromium(II) complexes of DL-methionine, chromium(II) solutions 
and lithium methionate were mixed. The product obtained was the binuclear,
oxygen-bridged chromium(III) complex [(H20) (mth) 2Cr-0-Cr(mth) 2 (H20)] , 
the reduced magnetic moment of 2.02 BM for this complex being indicative 
of super-exchange interaction between the metal atoms.
EXPERIMENTAL
All preparations and measurements were carried out under nitrogen 
using the apparatus described in Chapter 2. The compounds were dried 
by continuous pumping.
1. Bis (DL-methioninato) chromium(II)
Methionine (1.93 g) was added to a solution of lithium hydroxide 
LiQH«H20 in water (0.39 g in 10 cm3 of water). To the solution was 
added about 70 cm3 of absolute ethanol. The mixture was then heated at 
60°C with stirring for twenty minutes, and then filtered to remove some 
undissolved methionine. To the filtrate was added a solution of chromium(II) chloride 
tetrahydrate (1.10 g in 20 cm3 of ethanol), and a pale violet precipitate 
was obtained. This precipitate was filtered off, washed with a mixture 
of water and ethanol, then with ethanol only, and dried under vacuum for 
about ten hours. The compound took about twelve hours to filter off.
Calculated for Cr(C5H10O2NS)2: Cr, 14.92 ; C, 34.47 ;
H, 5.79 ; N, 8.041 
Found: Cr, 14.48 ; C, 34.81 ;
H, 5.74 ; N, 7.63%
2. Bis (S-methyl-L-cysteinato) chromium(II)
S-methyl cysteine (4.09 g) was dissolved in 60 cm3 of methanol, 
lithium hydroxide added (1.22 g), and the mixture was heated at 60°C 
with stirring for 30 minutes. After cooling to room temperature, 
hydrated chromium(II) chloride (3.50 g in 20 cm3 of ethanol) was added, 
and the pale violet precipitate which formed was filtered off, washed 
with methanol, and dried. On' exposure to air it became black and 
smouldered-
Calculated for Cr(C4H 8SN02)2* Cr, 16.23 ;
H, 5.03 ;
Found: Cr, 16.14 ;
H, 5.03 ;
3. Chlorohistidinatochromium(II) Monohydrate
Histidine (3.00 g) was dissolved in 20 cm3 of warm water, lithium 
hydroxide (0.92 g) added, and the mixture heated at 80°C for 30 minutes.
Hydrated chromium(II) chloride (1.20 g in 30 cm3 of ethanol) was then
added to the warm lithium histidinate solution, and the bluish violet 
crystalline precipitate which formed was filtered off, washed with a 
mixture of water and ethanol and dried. This compound seemed to shrink 
considerably on drying. The compound was difficult to filter off. 
Although the ratio of histidine to metal ion was 2 : 1, a complex in 
which the ratio of histidine-to-metal ion was 1 : 1  was obtained.
Calculated for Cr(C6H8N 302)C&*H20 : Cr, 20.03 ; C, 27.76 ;
H, 3.88 ; N, 16.18%
Found: Cr, 20.18 ; C, 27.41 ;
H, 3.56 ; N, 15.53%
4. Bis(glycinato)chromium(II) Monohydrate
Glycine (1.30 g) was dissolved in 10 cm3 of water, treated with 
lithium hydroxide (0.66 g), and heated at 60°C with stirring for 
20 minutes. Hydrated chromium(II) chloride (1.90 g in 60 cm3 of ethanol) 
was then added to the warm lithium glycinate solution. The pale violet 
suspension which formed was heated on an oil bath at 80°C for about one 
hour. Then it was cooled, the solid filtered off and washed with ethanol 
and dried under vacuum. This compound was also difficult to filter off.
C, 29.99 ;
N, 8.74%
C, 29.27 ; 
N, 8.51%
Calculated for Cr (C2Hi,NC>2) 2‘H20: Cr, 23.83 ; C, 22.02 ;
H, 4.62 ; N, 12.84?,
Found: Cr, 23.44; C, 21.43 ;
H, 4.37 ; N, 12.34%
60An attempt to prepare this complex by mixing glycine and 
sodium hydroxide with hydrated chromium(II) sulphate in water led to 
the formation of a brown precipitate which is believed to be 
chromium(II) hydroxide, Cr(0H)2. The ratio of glycine to metal ion 
was 2 : 1 ,  with a calculated amount of NaOH to neutralize the glycine.
5. Chromium( 11)-Cysteine system
Attempts were made to prepare bis(cysteinato)cIiromium(II), in 
ethanolic and aqueous solutions, but each time a grey-black precipitate 
formed which was not sensitive to air. It seems that the chromium(II) 
had been oxidized by the ligand, probably to an oxo- or hydroxo-bridged 
compound, but no satisfactory formula could be derived from the 
microanalyses.
Calculated for Cr(cyst)2: Cr, 17.78 ; c, 24.65
H, 4.13 ; N, 9.58%
Found: Cr, 21.56 ; c, 19.89
H, 4.22 ; N, 6.97%
6. Chromium(II)-g-Alanine systern
Attempts were also made to prepare a complex of 3-alanine from 
hydrated chromium(II) chloride in methanolic solution. Although the 
ratio of alanine to metal ion was 2 : 1, a complex which seemed to have 
1 : 1 ratio of alanine to metal ion was obtained.
Calculated for Cr(alan)C£-CH3OH:
Found:
7. Bis (glycinato) copper(II) Monohydrate
Copper(II) sulphate (12.5 g in 10 cm3 of water) was heated to 
boiling. To this was added a boiling solution of glycine (10 g in 50 cm3) 
of 2M sodium hydroxide). The deep blue solution was filtered hot, on 
cooling, blue crystals separated. These were filtered off,washed with 
cold water, ethanol, and then dried.
Calculated for Cu(glycine)2»H20: C, 20.86; H, 4.38; N, 12.19%
Found: C, 20.77; H, 4.36; N, 12.96%
Magnetic Results
Magnetic measurements were carried out over the temperature range 
90-300°K; the results are given in Tables 35 and 36 and Figures 47-49.
All compounds obeyed the Curie-Weiss law. The complexes Cr(mth)2,
Cr(smc)2 and Cr (glycine) 2 *H20 have room temperature magnetic moments,
1-L* C^*76, 4.67 and 4.61 BM respectively) which decreased as thev ■ -
temperature was lowered. The small 6 values observed (6 = 11°; , 8° and 
6° respectively) are consistent with essentially magnetically dilute, 
high-spin and presumably arise from minor antiferromagnetic interactions.
The magnetic behaviour of Cr (histidine) C&»H20 is quite different.
This complex has a magnetic moment of 3.70 BM at room temperature, which 
is well below the spin only value. This decreased still further as the
Cr, 25,80 ; 
H, 4.96 ; 
Cr, 25.38 ; 
H, 4.49 ;
C, 23.82 ;
N, 6.94%
C, 23.23 ; 
N, 8.27%
TABLE 35
Compound T(°K) 106xA 10’2XA_1 V e (BM)
Cr(mth)2 294.8 9640 1.037 4.76
263.5 10840 0.922 4.77
230.4 12320 0.811 4.76
198.2 14010 0.713 4.71
166.2 16760 0.596 4.71
135.2 20490 0.488 4.70
103.7 26240 0.381 4.66
0 = 11° 89.4 29800 0.335 4.61
(diamagnetic correction = -196 x 10 6 c.g.s.u.)
Cr(smc)2 294.9 9280 1.078 4.67
263.5 10420 0.960 4.68
230.4 11340 0.882 4.57
198.2 133670 0.748 4.58
166.2 15770 0.6340 4.57
135.2 19330 0.5170 4.57
103.7 25140 0.3977 4.56
0 = 8° 89.4 28840 0.3467 4.54
(diamagnetic correction = -153 x 10 6 c.g.s.u.
TABLE 36
Compound T(°K) 10GxA 10 2xA  1 Ug(BM)
Cr(histidine)CL*H20 294.0 5 790 1.726 3.70
266.0 6480 1.542 3.71
230.4 7280 1.374 3.66
197.0 8300 1.205 3.61
166.2 9680 1.033 3.58
135.2 11550 0.865 3.53
103.7 14300 0.699 3.44
0 = 24° 89.4 16040 0.624 3.38
6
(diamagnetic correction = -110 x 10 c.g.s.u.)
Cr(glycine)2*H20 294.8 8940 1.108 4.61
262.5 . 10050 0.986 4.61
245.0 10670 0.929 4.59
230.4 11380 0.871 4.59
198.2 13220 0.751 4.59
166.2 15570 0.638 4.56
135.2 19140 0.520 4.56
103.7 24880 0.400 4.55
0 = 6° 89.4 28690 0.348 4.52
(diamagnetic correction = -87-x 10 c.g.s.u.)
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temperature was reduced, reaching 3.38 BM at 90°K. This behaviour can 
be ascribed to antiferromagnetic interactions in a chloride- or 
carboxyl-bridged structure.
Reflectance Spectra
The diffuse-reflectance spectra are generally in accord with
distorted octahedral symmetry around the chromium(II) centres in these
complexes as they resemble the spectra of known tetragonally-distorted 
chromium(II) compounds.
The complexes Cr(mth) 2, Cr(smc)2 and Cr(glycine)2H20 have a strong 
and broad band in their spectra around 17000 cm 19 which is assigned to 
the superimposition of the and ^B -*• ^B2 transitions (the
o o o  o
main band), and a lower frequency band at about 13000 cm 1, which is
assigned to the ^B .-»■ transition (the distortion band) (see
S S
Table 37), Figures 50-53.
The complex Cr(histidine)C£*H20 has a main band at 18500 cm 1
with a lower' frequency band at 13300 cm 1. The same assignments can be
made for these bands.
Infra-red Spectra
Infra-red spectroscopy has been particularly useful in investigating 
the mode of coordination of the potential donor groups of amino-acids. 
Certain general facts have been established which form a basis for the 
interpretation of the spectra of complexes of amino-acids and other 
ligands containing carboxyl groups.
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TABLE 37
Reflectance Spectral Results
Compound Maxima (cm *)
RT LNT
Cr(mth)
Cr(smc)
Cr(glycine)2«H20
Cr(histidine)C&«H20
17000 vb 
12100 sh
16800 b 
13100 sh
16300 b 
12000 sh
18000 sb 
12700 sh
17000 vb 
12000 w
17000 b 
13000 sh
16400 sb 
12000 sh
18500 sb 
13300 sh
The infra-red spectra of some glycine complexes have been studied
by Quagliano and co-workers. They have proposed assignments
for a number of observed bands in the solid state spectra of
145bis(glycinato)copper(II) monohydrate, bis(glycinato)nickel(II) 
dihydrate'^ and bis (glycinato) zinc (II) monohydrate. ^ ^  Their
principal observation and conclusions are the following. In these 
complexes the NH stretching frequencies occur at 3300, 3250 and 
3150 cm *(Cu), 3300, 3250 and 3170 cm 1 (Ni) and 3450 and 3270 cm 1 (Zn), 
compared with 3300 cm 1 in sodium and potassium glycinates. There are 
carbonyl absorptions in the spectra of all three complexes at -1600 cm 1 
as compared to those in ethylglycinate at -1750 cm 1 and in potassium 
glycinate at -1600 cm 1.
In complexes of Cr(mth)2 and Cr(smc)2, the methionine or S-methyl-
L-cysteine anions could ligate through three sites, and the two most
likely possibilities are (i) coordination through the N and S atoms and
one 0 atom of the -CO 2 group, and (ii) coordination through the N atom
and both 0 atoms of the -CO 2 group. Some important infra-red bands of
these compounds are given in Table 38, and the -NH2 and -CO 2
absorptions are in similar regions to those found for amino-acid complexes 
140of other metals. Comparison of reflectance spectra indicates that
methionine and S-methyl-L-cysteine produce the same average ligand field 
in Cr(mth)2 and Cr(smc)2 which is similar to that in Cr (glycine) 2 'foO.
This suggests that in the complexes Cr(mth)2, Cr(smc)2 and 
Cr (glycine) 2 *H20, coordination takes place through the -NH2 and -CO 2 
groups. In the infra-red spectra of all these complexes the symmetric 
carboxylato-vibration, v(C00”), has been obscured by nujol absorptions 
in the region 1300-1500 cm 1. In accordance with reports for other 
c o m p l ex e s , a band at 349 cm 1 in the infra-red spectra of 
Cr (glycine) 2* H2O may be assigned to the metal-nitrogen vibration.
TA
BL
E 
38
8  &
u  to
O•h-i—i
CM
cnto
m
8 .3 
^  S
P< P h
I/) to
to to V) > £
O LO LO LO LO
CNI O O O rH
vO vO vO vO vO
rH rH rH i—1 rH
rP
tO V) to to
-3V O o O o
CO CO
LO LO LO LO LO
rH rH r—1 rH i— I
V)
£
e too
VO to . LO o
to CM CSl
CM £ to CNI CNI £
to to to
vO o O
•s to *v VO LO
to r—1 5> £ fH rHto to to
*O O LO o
CO o CO CM
CM to (SI to
to to to to
1v_/
U
V) v_J
f-tU
0eg
EC
•
CM
f— 'N
1o
bO
CJ
O
CM
EC
o?
o/■—\ 
<D.aT3
•H
•P
CO
•H
£
u
g
*W)
0
p
•H
+■>
cti
t3
0U
E3
o
uo
o
to
a-
po
•H+J
&o
to
•8
P
04->
The infra-red spectrum of Cr (histidine) C£*H20 is different from 
those of the above complexes, presumably because it has a different 
structure. Some assignments are given in Table 38.
Structures
It is possible to propose structures from the spectral, magnetic 
and infra-red data using comparisons with related compounds of known 
structure. The complexes Cr(mth)2 and Cr(smc)2 are thought to
be polymeric and six-coordinate with carboxyl bridges as shown in 
Figure 54.
X-ray analyses indicated that in [Ni(glycine) 2] *2H20 , ^
1 rA
[Zn(glycine) 2] *H20, and [Cd(glycine) 2] *H20 two glycine anions 
coordinate to the metal ion forming a planar structure without forming 
carboxyl bridges. As magnetic measurements and reflectance spectra 
show, the complex Cr (glycine) 2«H20 has a tetragonally distorted 
structure with carboxyl bridges (Figure 54). Also, comparison of the 
powder patterns of Cr (glycine) 2*H20 and Cu(glycine) 2*H20 shows that 
these complexes are not isomorphous (Table 39). This is unusual for 
corresponding chromium(II) and copper(II) complexes. In 
Cr (histidine) C£‘H20, because of the variety of possible donor atoms, 
it is not easy to postulate structure; suggestions are shown in 
Figure 55.
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TABLE 39
Cu(glycine) 2 *H20 Cr (glycine) 2 *H20
6h U  ‘W  I 0hkS. ‘W  I
(degree) (degree)
5.93 7.43 vs
879 7 4.94 w
9.62 4.61 vs
10.90 4.07 m
11.22 3.96 vs
12.38 3.59 vw
13.05 3.45 w
14.85 3.01 vs
15.30 2.92 vs
17.25 2.60 w
17.80 2.52 in
18.70 2.40 w w
19.57 2.30 m
20.11 2.24 m
21.08 2.14 m
5.17 8.58 m
7:61 5782 w w
8.25^ 5.37 w w
8.98 4.94 m
9.41 4.71 vw
9.88 4.49 m
11.36 3.91 w
11.81 3.76 m
12.28 3.62 m
12.85 3.46 w
13.50 3.30 w w
15.41 2.90 m
18.28 2.46 vw
19.06 2.36 w
20.18 2.23 w
Figure 55
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SUGGESTIONS FOR FURTHER WORK
1. Recrystallisation of Cuen2X2 complexes from liquid ammonia yields 
the corresponding five-coordinate [Cuen2 (NH3)]X2 complexes as
1 Cl 1 CO
unstable bright blue crystals ’ (where X = C£, Br, I, N03, BFlf 
and CflAJ. It would be possible to prepare similar chromium(II) 
complexes, except nitrate and perchlorate, from the known 
Cren2X2 complexes, and investigate their spectral and magnetic 
properties. It may also be possible to prepare ammine-thiocyanates 
of chromium(II).
2. The preparation of chromium(II)-salen, by a method which has been
used for the complexes M[C6H5COCHCN(R)CH312" ^  (where M = Cr(II), 
and R = CH3, i-C3H7) should be successful. »
3. Hie reaction of copper (I I) Sulphate with liquid ammonia gives 
pentamminecopper(II) sulphate. This method could be tried with 
chromium(II) sulphate, as only pentammine halides have so far 
been obtained.
4. A fuller investigation of the far infra-red spectra (400-70 cm 
of chromium(II)-ammines seems necessary in order to assign the 
v(Cr-X) and v(M-N) vibrations of these complexes.
5. Of vanadium(II)-ammines only [v(NH3)5]Br2 has been prepared.
Further investigation of the preparation and investigation of 
the vanadium(II)-ammines is necessary.
6. Now the complexes of chromium(II) with imidazole have been prepared 
and investigated, it will be rather easy to prepare and investigate 
the complexes of chromium(II) with 2-methylimidazole.
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Chromium(n) Chemistry. Part X.1 The Preparation and Properties of 
some Ammines
By L eslie  F. L a rk w o r th y *  and J a v a d  M . T a b a ta b a i ,  The Jo se p h  Kenyon Laboratory, University o f Surrey , 
Guildford GU2 5XH
The first series of chrom ium (n) am m ines has been iso la ted : [Cr(N H 3) 6]X2 and [Cr(N H 3) 6]X2 (X =  Cl, Br, or I ) ;
CrX2(NH3)2 (X = Cl or B r) ; [Cr(NH3) 4(OH2)] [ S 0 4]; and Cr(NH3)2( S 0 4). The hexa-am m ines, ob tained  by
bubbling am m onia through ethanolic  solutions of the  chrom ium (n) halides, lose am m onia readily and  reversibly 
to  form penta-am m ines. Thermal decom position of th e  latter gives th e  diam m ine halides. T he su lp h a tes  have 
been obtained by similar procedures. From m agnetic, spectroscopic, and X -ray pow der investigations, th e  hexa- 
am m ines and penta-am m ines have been assigned tetragonal octahedral and square-pyram idal structu res respectively, 
and th e  diam m ines anion-bridged six -co-ord inate  structures. The tetra-am m ine su lphate  is square  pyramidal 
with co-ordinated  w ater. '
RESULTS A N D  DISCUSSION
Hexa-ammine Complexes.—These complexes have mag­
netic moments, which vary little with temperature 
(Table 1), and are close to the value (4.9 B.M.) j ex­
pected for magnetically dilute high-spin d* compounds.
Samples of the hexa-ammines for magnetic, reflectance, 
and X-ray powder investigations were sealed in ammonia 
at just less than 1 atm, otherwise they readily lost 
ammonia to give the penta-ammines. This is apparently
2 V. Peters, Chem. Ber.. 1909, 42, 4837.
3 F. Ephraim, Chem. Ber., 1917, 50, 635.
4 H. I. Schlesinger and E. S. Hammond, J . Amer. Chem. Soc., 
1933, 55. 3971.
5 H. Lux, L. Eberle, and D. Sarre, Chem. Ber., 1964, 97, 503.
A mmines of chromium(n) chloride were prepared by 
Peters,2 Ephraim,3 and Schlesinger and Hammond,4 
but no physical investigations were carried out. The 
only other study of chromium(n) ammines appears to 
be that of Lux et al.° who prepared [Cr(NH3)4][S04]*H20, 
and reported that it was isomorphous with the corre­
sponding copper(u) complex. This paper reports the 
isolation and investigation of a series (Table 1) of hexa-, 
penta-, tetra-, and di-ammines of Cr11.
t 1 B.M. « 9.27 x 10-24 A m2; 1 atm = 101 326 Pa; 1
cmHg « 13.6 x 9.8 x 102 Pa.
1 Part IX, L. F. Larkworthv, J. K. Trigg, and A. Yavari, 
J.C.S. Dalton, 1975, 1879.
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a result of the Jahn-Teller distortion of the high-spin d* 
configuration since the vanadium(n) complex, [VfNHg)^- 
Br2 (i3 configuration) in which distortion is not expected, 
does not lose ammonia in vacuo at room temperature.6 
In confirmation, although six identical ligands are
tortion band). The very definite and rapid change 
from grey or pale greenish grey to violet on loss of 
ammonia to form the penta-ammines, which is reversed 
when ammonia at ca. 1 atm is readmitted, and the 
different reflectance (Table 1 and Figure) and i.r.
T a b l e  1
Analyses and magnetic and diffuse-reflectance data 
Analysis (%) “ y^tJBM. 10® Diamagnetic correction
Complex
CrCl2(NH8)2
Colour Cr X
Pale blue 32.9 (33.1) 45.5 (45.2)
295 K 90 K 
4.57 4.05
[CrtNHaJJd,
[Cr(NH3)6]Cl2 
CrBr2(NH3)8 
[Cr(NH3)6]Br2 
[Cr(NH3),]Br2 
[Cr(NH3)5]I2 
(Cr(NH3)s]I2 
Cr(NH3)2(S04) 
Cr(NH3)4(S04)-H20 Violet
Violet 25.3 (25.0) 33.6 (34.1) 
Grey 23.7 (23.1) 30.9 (31.5) 
Pale blue 21.9 (21.1) 64.9 (65.0)
Violet
Greenish
grey
Violet
17.7 (17.5) 53.3 (53.8)
17.0 (16.6) 50.4(50.9)
13.1 (13.3) 64.7 (64.9)
13.1 (12.7) 61.9 (62.2)Greenish 
grey
Pale blue 29.0 (28.9) 51.8 (52.7)
22.2 (22.2) 41.2 (41.0)
4.77
4.85
4.33
4.76
4.87
4.87
4.88 
4.69
4.89
4.74 
4.78 
4.09 
4.80
4.90 
4.87
4.91 
4.26
4.74
40
0
0
23
0
0
0
0
32
8
c.g.s. units 
-83
-137
-155
-67
-159
-177
-191
-209
— 76
-125
Reflectance spectra,® vjcrar
17 000 (sh) 
17 000 (sh)
17 800svb «
18 200s
16 000svb
17 300svb 
17 500 (sh) 
17 400 (sh)
17 600svb d
18 200s
15 400sb
16 700sb
17 600s
18 100s 
16 200s 
16 400s 
14 OOOvb 
14 000s 
18 OOOvb * 
18 400vb
14 000 svb 
14 lOOsvb
14 500 (sh)
13 200s
13 700s
14 500 (sh)
12 800 (sh) 
14 000(sh)
11 300 (sh) 
11 000 (sh)
11 400 (sh) 
8 500m
8 500m
9 500 (sh) 
9 500 (sh)
11 300 (sh) 
7 500m 
7 700m
11 200(sh) 
7 600m 
7 800m
11 500 (sh) 9 800 (sh) 
15 000 (sh)
• Calculated values are given in parentheses; X = anion. 6 Curie-Weiss law taken as xa-1 oc (T 0). e Spectra at room (first 
line) and liquid-nitrogen (second line) temperatures. d Very broad and asymmetric to low wavenumbers.
present, the diffuse-reflectance spectra (Table 1 and 
Figure) are as expected for tetragonally distorted octa­
hedral chromium(n) complexes. The d-d  absorption
20 15*3 110 Wavenumber /cm
10
Reflectance spectra at room temperature of [Cr(NH3)#]Br2 (a), 
[Cr(NH8)s]Br2 (6), and CrBr2(NH3)2 (e); (d) spectrum of
[Cr(NH3)5]Br2 at liquid-nitrogen temperature
bands occur at similar frequencies to those of the tris- 
(ethylenediamine)chromium(n)7 and bis(3-azapentane- 
1,5-diamine) chromium(n) salts,8 and the same assign­
ments are made, i.e. the more intense higher-frequency 
band to superimposed transitions and
5Big->5Eg (the main band), and the weaker band at 
ca. 8 000 cm-1 to the 5Big->5Aig transition (the dis-
* L. F. Larkworthy and J. M. Tabatabai, unpublished work.
7 A. Eamshaw, L. F. Larkworthy, and K. C. Patel, J . Chem. 
Soc. (A), 1969, 1339. '
8 A. Eamshaw, L. F. Larkworthy, and K. C. Patel, J . Chem. 
Soc. (A). 1969, 2276.
(Table 2) spectra of the latter, show that the chromium- 
(n) complexes contain the [Cr(NH3)6]2+ ion.
The X-ray powder patterns are similar to those 
reported for the corresponding copper(n) hexa- 
ammines.9*10 It has been possible to index the lines of 
the chloride and bromide in terms of tetragonal unit 
cells with dimensions close' to those of the copper(ii) 
complexes (Table 3), although the departures from cubic 
symmetry are not large. The iodide is essentially cubic, 
the copper(n) complex being variously reported as 
tetragonal9 or cubic.10 There is controversy9*10 con­
cerning the nature of the copper(n) hexa-ammines: 
some9 workers believe that these contain the 
[Cu(NH3)6]2+ ion, while others consider that the hexa- 
ammines 10 and penta-ammines106 have such similar 
unit-cell dimensions, and electronic, e.s.r., and i.r. 
spectra that the hexa-ammines should be formulated as 
[Cu(NH3)5*NH3]2+. The sixth ammonia molecule is not 
co-ordinated, but held in the lattice. Our preparative 
and spectroscopic evidence, outlined earlier, is that the 
sixth ammonia molecule is co-ordinated in the chromium- 
(n) hexa-ammines. Additionally, the unit-cell dimen­
sions of the chromium(n) hexa-ammines and penta- 
ammines, though similar, are not identical (Table 3). 
Unlike the chromium(n) complexes, the copper(n) 
hexa-ammines do not undergo obvious colour or spectral 
changes 9,10 on loss of ammonia; it is therefore possible 
that although copper(n) hexa-ammines were isolated,
• T. Distler and P. A. Vaughan, Inorg. Chem., 1967, 6, 126.
10 (a) A. A. G. Tomlinson and B. J. Hathaway, J . Chem. Soc. 
(A), 1968,1905; (b) H. Elliott and B. J. Hathaway, Inorg. Chem., 
1966, 5, 885.
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ammonia had been lost by the time measurements were creasing frequency are: and
completed in spite of the precautions taken.10 5B1->-6£ .
Penta-ammines.—The magnetic behaviour shows that X-Ray powder photographs of the chromium(n) 
the penta-ammines are also magnetically dilute high- penta-ammines show them to be isomorphous with the
spin chromium(ii) complexes. Compared with the corresponding complexes of Cun which are believed10 to
hexa-ammines, the most intense band in their diffuse- be square pyramidal. The type of unit cell and its
reflectance spectra is at considerably higher wave- dimensions are given in Table 2. The powder photo-
number (ca. 18 000 cm-1) and there are two lower graphs of the chromium(ii) hexa-ammines and penta-
wavemimber bands resolved at low temperature (ca. ammines are very similar, but the unit-cell dimensions
14 600 and 11 200 cm'1) instead of one. Increased are greater for the former. Since the loss of ammonia
tetragonal distortion on the loss of a ligand, or replace- from the hexa-ammines is reversible and accompanied
ment by a weaker-field ligand, has been found to lead to by changes in colour and reflectance spectra, it is
T a b l e  2
Infrared spectra (cm-1) of hexa-ammines and penta-ammines -
[Cr(NH3)8]X2 [Cr(NH3)6]X2, : »     , ' ,   »--
X = Cl Br I Cl Br I
v(NH3) 8 3 310s 3 310s 3 310s 3 300s 3 300s 3 280s
3180s * 3 200 (sh) 3 200 (sh) 3 180s 3 190 (sh) 3 210 (sh)
1 620 (sh)
8d(NH,) 1 600s 1 600s 1 600s 1 610s 1 600s 1 595s
1 31’0w 1 310w 1 310w 1 295 (sh) 1 300w 1 310w, 1 276m
1 245 (sh)
M N H 3). 1 200s 1 207s 1 220s 1 235svb 1 235svb 1 230s
1 040m 1 055m 1 080m 1 095w
730 (sh) 715
Pr(NHs) 675s 675s 660s 710svb 700s 655
675 (sh)
8 Symbols as in ref. 15. 6 Minor splittings of tlie bands in this region of all the spectra have been ignored.
T a b l e  3
A'-Ray powder data
a c
Complex Unit cell A cja Ref.8
[Cr(NH3)4]Cl2 Tetragonal 10.63 9.82 0.924
(10.38) (9.48) 9
[Cr(NH3)#]Br2 Tetragonal 10.70 9.91 0.926
(10.74) (9.67) 9
[Cr(NH3)6]Ia f.c.c.® 10.96
(11.20) (10.29) 9
[Cr(NH3)6]Cl2 Tetragonal 10.29 9.87 0.959
(10.29) (9.37) 10
[Cr(NH3)j]Br2 f.c.c. 10.45
(10.34) 10
[Cr(NH3)JIs f.c.c. 10.76
(10.76) 10
CrCl2(NH3)2 f.c.c. 3.98
(3.91) c
CrBr2(NH3)2 f.c.c. 4.13 c
(4.07)
8 Values for copper(n) complexes to which these references apply are given in parentheses. * Face-centred cubic. * F. Hanic and 
I. A. Cakajdova. Acta Cryst., 1958, 11, 610.
movement of bands to higher frequency in other copper- supposed that the loss of ammonia from a long-bonded
(n) and chromium(n) systems. Since the spectra of tetragonal position leaving a square-pyramidal cation
the penta-ammines are independent of halide it seems has little effect on the unit-cell dimensions. This seems
that the anions are not co-ordinated and five-co-ordinate no less likely than the suggestion10 that the copper(n)
ions [Cr(NH3)5]2+ are present. The only known trigonal- hexa-ammines and penta-ammines have identical powder
bipyramidal chromium (n) complex, [CrCl{N(CH2CH2- photographs because the additional ammonia molecule
NMe2)3}]Cl, in which the donor atoms would produce occupies a position along the side of the unit cell,
approximately the same ligand field, has a different Diammines.—Unlike the hexa-ammines and penta-
spectrum11 with an absorption band at 11 000 cm-1 ammines, the diammines obey the Curie-Weiss law, and
and a shoulder at 14 500 cm-1. The presence of three have magnetic moments somewhat below the spin-only
bands in the spectra of the penta-ammines therefore value at room temperature which decreased still further
suggests a square-pyramidal structure (Civ), and on this as the temperature was reduced. Since no first-order
basis the assignments of these bands in order of in- 11 m. Ciamplini, Chem. Comm., 1966,47.
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orbital contribution to the moment is expected12 for 
high-spin d* systems, this behaviour can be ascribed to 
antiferro-magnetic interactions in halide-bridged struc­
tures. The halide-bridged structures are confirmed by 
the reflectance spectra which are again typical of tetra­
gonal six-co-ordinate Cr11, except for the appearance of a 
high-frequency shoulder at ca. 17 000 cm-1. Except 
for this shoulder, the spectra are very similar to the 
spectra of (3-Cu(NH3)2C12 and (3-Cu(NH3)2Br2 which have 
been assigned ‘ reversed ’ tetragonal structures, (I), with 
short Cu-N and long, but equal, Cu-X bonds.13 The 
chromium(u) and copper(n) diammines are isomorphous 
and the X-ray powder patterns can be indexed on the 
assumption of cubic unit cells (Table 3).
(I)
A reversed tetragonal structure would mean that the 
reflectance bands should be assigned, in order of in­
creasing energy, to the transitions 6A ig->5Big, sAig->5Eg, 
and Apparently, in the chromium(n),
although not in the copper(n) complexes,13 inversion of 
the splitting pattern has allowed resolution of a third 
band. This would suggest that in the spectra13 of the 
copper(n) complexes, (3-Cu(NH3)2X2, the band at lowest 
frequency (9 600 cnr1) should be assigned to the 
5A ig->6Big transition, and that the 5A ig->5B2g transition 
is unresolved within the more intense band at ca. 
14 200 cm-1 due to the 5Aig-^ E g transition.
Ammine Sulphates.—The reflectance spectra of 
Cr(NH3)4S04*H20  and the penta-ammines are very 
similar so that an essentially square-pyramidal structure 
involving co-ordinated water or sulphate would be 
expected for this complex. This has been confirmed 
since it is isomorphous, as found previously,5 with 
[Cu(NH3)4(0H 2)][S04] in which 14 oxygen atoms from 
water molecules are 2.59 and 3.37 A from planar 
[Cu(NH3)4]2+units.
The weak antiferromagnetism (0 =  8°) probably arises 
through weak interaction between the paramagnetic 
metal ions in a hydrogen-bonded water-bridged structure 
as in the copper tetra-ammine. The i.r. spectrum shows 
a broad unsplit band (v3) at 1 100 cm-1, indicating that 
the anion is not co-ordinated.15 The considerable 
magnetic interaction (0 =  32°) and the stoicheiometry 
indicate that sulphato-bridges are present in Cu(NH3)2- 
(S04). These properties, and the fact that the re­
flectance spectrum has its strongest band at a frequency 
similar to th a t12 of the hydrated chromium(n) ion, 
suggest that the structure comprises sulphato-bridged 
chains of metal ions with axially co-ordinated ammonia
12 A. Earnshaw, L. F. Larkworthy, and K. S. Patel, J . Chem. 
Soc., 1965, 3267.
13 A. A. G. Tomlinson and B. J. Hathaway, J. Chem. Soc. (A), 
1968, 2578.
molecules. The v3 sulphate vibration15 at ca. 1100 
cm-1 shows little splitting presumably because the 
sulphato-bridges are bidentate to adjacent metal ions 
and their symmetry remains close to 7V even on co­
ordination.
EXPERIMENTAL
Preparations.— When dry ammonia was passed through 
a solution of a chromium(n) halide, CrX2*«H20 (X = Cl, 
Br, or I),12 in deoxygenated absolute ethanol, heat was 
evolved and pale blue, violet, and then greyish precipitates 
successively appeared. The final product, the grey 
(X = Cl) or pale greenish grey (X = Br or I) hexa-ammine, 
was filtered off, washed with absolute ethanol, and dried 
in  vacuo at room temperature. Unfortunately, as 
well as being very air-sensitive, the hexa-ammines always 
lost ammonia rapidly in  vacuo, and became bluish violet 
because of the formation of some penta-ammine. To 
obtain the pure hexa-ammine, ammonia at ca. 75 cmHg 
pressure was admitted to the vessel containing the bluish 
violet material. Absorption occurred with evolution of 
heat and the colour changed to that of the hexa-ammine. 
To ensure that the reaction was complete, the hexa- 
ammines were exposed to ammonia for 6— 8 h. After all 
apparent absorption had ceased, the hexa-ammines were 
sealed in glass tubes for susceptibility measurements, etc. 
under ammonia at just less than 1 atm pressure. Mulls for 
i.r. spectra were made up in a plastic bag through which 
ammonia was passed. The mulls of the hexa-ammines did 
not change to the colour of the penta-ammines while the 
spectra were being recorded.
Hexa-amminechromium(n) chloride was said2,3 to be 
grey by some workers, but others have reported it to be 
deep blue,4 and the grey colour was ascribed to ammono- 
lysis following absorption of more than 6NH3 at ammonia 
pressures greater than ca. 35 cmHg. However, our grey 
products gave good analyses for hexa-ammines, and the 
grey colour was discharged reversibly on reduction of the 
ammonia pressure.
The penta-amm ines were obtained by evacuation of the 
vessel containing the hexa-ammine. The pump was 
stopped as soon as the colour changed to violet to avoid 
further loss of ammonia. The pale blue diammines were 
prepared from the penta-ammines by heating them for 2 h 
at 50— 90 °C under continuous pumping. The penta- 
ammines and diammines were sealed in glass tubes in  vacuo 
to prevent aerial oxidation.
In some earlier experiments acetone was used as solvent 
and a dark brown product separated instead of the required 
ammines. Its nature has not been investigated, but it 
could be a chromium complex of a ligand formed by con­
densation of ammonia and acetone. Attempts to prepare 
chromium (n) ammines from aqueous ammonia were un­
successful. When 0.880 s.g. ammonia was added to a 
concentrated aqueous solution of a chromium (ii) salt a 
deep blue solution was obtained but before any ammine 
could be isolated a brown precipitate of chromium (n) 
hydroxide usually appeared. Nevertheless, the use of dry, 
but hydrated, chromium(u) salts in the preparation of the 
ammines from ethanol as above did not have any deleterious
14 F. Mazzi, Acta Cryst., 1955, 8, 137; B. Morosin, ibid., 1969, 
B25,19.
16 K. Nakamoto, ‘ Infrared Spectra of Inorganic and Co­
ordination Compounds,’ 2nd edn., Wiley-Interscience, New York, 
1970.
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effect on the products. Inability to  use aqueous solution 
has reduced the range of preparative methods compared 
with copper(n) systems.1*
The complex Cr(NH,)4(S04),H ,0  was prepared according 
to  a published method.8 On heating a t  80—90 °C under
continuous pumping for 1—2 h  pale blue Cr(NH,),(S04) was 
obtained.
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l* B. J. Hathaway and A. A. G. Tomlinson, Co-ordination Chem. 
Rev., 1970, 5. 1.
